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ABSTRACT 


Extenuive  research  on  factors  influencing  the  behavior  of  brittle 
non-metallic  ceramics  was  undertaken.  General  information  on  the 
forr  of  AUO^  and  MgO  studied  and  preliminary  work  on  the  effect 
of  porosity  on  “the  fracture  strength  of  Lucalox  (Al^Oj)  are  presented. 
Indi/idual  problem  areas  were  attacked  on  separate  task  programs. 
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I.  INTRODUCTION 


Unlike  metals,  inorganic  nonmetallic  refractoriei  can  exiet  in 
two  iundamentally  different  forma:  cryatalline  and  amorphoua,  A 
polycryatalline  aggregate  of  a  pure  ceramic  phaac  in  planar  section 
appears  very  much  like  a  metal,  with  a  cellular  network  of  interfaces 
at  the  junctures  of  grains  or  subgrains  of  different  crystallographic 
orientation.  Each  grain  is,  in  fact,  a  single  crystal  in  terms  of 
uniqueness  of  orientation,  the  only  absence  of  regular  atomic  lattice 
development  occurring  at  the  interfaces  by  virtue  of  the  orientation 
disregistries.  This  aone  is  generally  narrow,  and  seldom  exceeds 
five  atomic  spacings. 

Many  nonmetailic  materials — pure  materials  as  well  as  homo¬ 
geneous  "alloys" — ^freeze  on  cooling  to  a  solid  state  without  crystql- 
liaation.  The  solid  state  remains  amorphous  and  is  regarded  as  a 
subcooled  liquid.  Such  structures  are  baaically  metastable;  crystal¬ 
lization  can  sometimes  be  induced  by  annealing  at  elevated  tempera¬ 
tures,  although  the  kinetice  of  such  transformations  vary  widely.  In 
selected  systems  it  is  possible  to  study  not  only  the  limiting  states 
(crystalline  and  amorphous)  but  also  a  phase  mixture  of  these. 

The  crystalline  and  amorphous  states  operate  under  different 
mechanisms  for  the  initiation  of  fracture.  .Equal  importance  must 
be  attached  to  each,  because  at  the  present  time  there  is  no  basis 
for  predicting  which  structural  configuration  offers  the  better  expec¬ 
tation  of  atrength.  Indeed,  a  material  consisting  of  a  phase  mixture 
of  both  structures  may  ultimately  present  the  most  promising  solution, 
but  this  can  be  appreciated  only  from  a  fundamental  understanding  of 
the  character  of  the  individual  types  of  composite  structures. 

In  research  aimed  at  developing  such  understanding  of  fundamen¬ 
tals,  it  is  customary  to  regard  the  mechanical  behavior  of  solids  as 
being  either  brittle  or  ductile.  Such  sharp  definitions  are  gradually 
losing  ground,  owing  to  the  discovery  that  most  "brittle"  materials, 
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such  aa  metala,  metaloi<!lS(  intormetallica  and  iaomatrlc  cloaely- 
packed  ionic  cryataie,  are  capable  of  limited  amounta  of  deformation 
by  the  mechaniam  of  dialocation  mobility  and  the  development  of  alip 
plane  a. 

Unfortunately,  moat  nonmetallic  aolida  behave  in  waya  which 
are  quite  unlike  thoae  of  metala  or  '  ductile"  ceramica,  Becauae 
their  behavior  ia  irregular,  they  are  aeldom  inveatigated.  Failure 
to  atudy  leaa  aimple  atructurea,  auch  aa  multicryatalline  or  multi- 
phaae  ayatema,  ie  uaually  defended  by  pointing  to  the  difficultiea  of 
achieving  adequate  reproducibility  or  purity  in  them.  Recent  yeara, 
however,  have  brought  a  gradual  realisation  of  the  importance  of 
theae  problems,  with  the  result  that  an  increasing  amount  of  research 
ia  being  devoted  to  the  determination  of  the  basic  mechanisms  govern¬ 
ing  the  mechanical  and  electrical  properties  of  structurally  aniaotropiq 
multicrystalline,  multiphase  inorganic  refractory  materials, 

This  intensified  attention  focused  on  factors  affecting  the  strength 
of  "brittle"  substances,  fostered  by  the  need  for  being  able  to  live  with 
this  brittlenesa  in  structural  applications,  haa  resulted  in  intensified 
research  effort  yielding  an  increased  store  of  knowledge  regarding  the 
phenomenological  properties  and  behavior  of  theae  substances.  Some 
phenomena  are  quite  well  understood  today,  others  have  been  repeatedly 
found  to  fit  empirically  postulated  rules  so  well  that  the  basis  or  ade¬ 
quacy  of  these  formulations  is  seldom  questioned, 

Space  does  not  permit  to  review  here  the  current  state  of  under¬ 
standing  regarding  the  fundamentals  of  brittle  fracture;  a  reasonable 
review  of  this  subject  has  been  presented  recently^  resulting  from 
work  performed  on  this  program.  Since  Reference  1,  however,  is 
likely  to  be  published  as  a  classified  document,  an  updated  version  of 
this  paper  will  be  issued  within  four  months,  as  an  addendum  to  this 
report.  Suffice  it  to  mention  that  the  initiation  of  cracks  is  generally 
accepted  as  being  due  to  the  mobilisation  of  dislocations,  which  are 
rather  uniformly  dispersed,  even  in  pure  substances,  at  something  like 
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100  atomic  diatancei  apart.  Theae  defects  may  take  many  forme,  the 
moat  common  dlaarraye  being  those  of  a  complete  row  (edge  disloca¬ 
tion)  or  a  cylindrically  climbing  mismatch  (screw  dislocation).  These 
dislocations,  or  vacancies,  are  held  firm  in  their  surrounding  "atmos¬ 
pheres"  by  the  excess  energy  attendant  to  the  disturbance  in  the  ordered 
atomic  lattice.  However,  if  this  energy  is  overcome,  either  by  temper¬ 
ature  or  by  applied  stress,  the  dislocations  can  be  mobilised.  The  en-> 
ergy  required  to  achieve  this  mobility  is  called  the  activation  energy, 
and  the  stress  at  which  this  energy  level  is  attained,  the  friction  stress 
of  dislocations. 

Once  the  dislocations  are  activated,  they  continue  to  run  until  a 
natural  obstacle  is  encountered.  This  physical  motion  of  atoms  (or 
ions)  leaves  steps  behind  in  an  initialiy  jmooth  surface,  givihg  rise 
to  dislocation  glide  bands.  The  bandit  are  generally  associated  with 
areas  of  residual  stresses,  enhancing  stress  corrosive  attack.  Et¬ 
chants  will  attS!,ck  these  areas  preferentially,  generating  etch-pits 
which  provide  tell-tale  tracks  allowing  for  the  detection  of  the  passage 
of  dislocations. 

The  barrier  to  further  motion  of  dislocations  is  most  often  provi¬ 
ded  by  a  grain  boundary,  or  sometimes,  by  another  dislocation  glide 
band  already  activated  in  the  material.  At  these  barriers  the  disloca¬ 
tions  pile  up;  if  this  occurs  for  sufficient  numbers  of  dislocations  a 
microcrack  will  form.  This  mechanism,  then,  is  the  One  that  leads 
to  crack  initiation  in  the  material. 

This  description  implies  that  the  mobilising  of  dislocations  is  in¬ 
variably  associated  with  irreversible  displacement.  Conditions  that 
enhance  the  mobility  of  dislocations  promote  ductility  (but  generally 
lower  the  etrength);  factors  retarding  the  mobility  of  dislocations  will, 
in  turn,  lead  to  poorer  ductility.  The  more  these  influences  manifest 
themselves,  the  greater  the  degree  of  brittleness  of  the  material;  in 
the  extreme,  when  dislocatione  are  either  completely  abeent  (pure 
atomic  lattice)  or  locked  rigidly  in  place,  the  material  will  exhibit 
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purely  elaatic  behavior  and  /ail  without  a  tract  of  plastic  deformation 
at  very  high  strength  values.  In  fact,  the  failure  stress  correspond¬ 
ing  to  this  condition  is  called  the  theoretical  strength  of  the  material. 

Foreign  ions  fdo^ng  elements)  in  the  host  lattice,  precipitate  at 
the  grain  boundary,  certain  types  of  thermal  ox  mechanical  treatment, 
high  rates  of  straining,  or  the  application  of  multiaxial  stress  fields, 
all  generally  serve  to  increase  the  activation  energy  of  dislocations. 

The  result  of  these  factors,  in  short,  will  be  an  embrittling  effect  ac" 
companied  by  increased  strength.  This  is  also  the  case  when  dislo¬ 
cation  mobility  is  hampered  by  an  increased  number  of  barriers  in  th# 
glide  path,  as  is  the  case  for  a  closer  spacing  of  grain  boundaries; 
smaller  grains  also  lead  to  higher  strength,  but  reduced  ductility. 

The  above  discussion  assumed  tacitly  that  the  material  is  dense 
and  contains  no  gross  flaws.  In  many  cases  the  materiel  contains 
numerous  internal  flaws  which  become  operative  at  crack  nucleation 
mechanisms  long  before  dislocation  activation  can  be  induced  to  act 
as  the  crack  initiation  source.  Such  is  the  case  with  materials  that 
contain  finely  dispersed  flaws,  Inclusions,  or  vacancies  in  the  form 
of  pores.  Under  these  circumstances  the  material  may  fail  at  stres¬ 
ses  far  lower  than  those  required  to  overcome  the  friction  force  of 
Individual  dislocations. 

Whatever  the  crack  initiation  !  ijchanism,  failure  will  not  ensue 
until  the  "worst  flaw"  becomes  capable  of  self -propagation  under  the 
imposed  state  of  stress.  A  good  deal  is  understood  about  crack  propa¬ 
gation,  there  being  two  somewhat  complementary  theories  dealing  with 
this  subject.  One  theory  is  deterministic  in  nature,  poatulating  that 
a  flaw  can  propagate  provided  its  extension  is  accompanied  by  a  net 
liberation  of  strain  energy  in  the  material.  This  concept  was  first 
formulated  by  Griffith,  based  upon  the  work  of  Inglis,  and  was  proved 
to  hold  for  amorphous  and  completely  brittle  substances  (such  as  glass) 
in  numerous  investigations.  The  Griffith  criterion  entails  only  one 
arbitrary  constant,  the  crack  depth,  and  bases  the  energy  required 
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to  create  new  surfacea  upion  the  theoretical  surface  energy  of  the  sub¬ 
stance.  Experinnenta  soon  showed  that  the  surface  energy  required 
to  allow  for  crack  propagation  in  crystalline  materials  was  far  highei* 
than  that  derivable  from  purely  elastic  considerations.  Hence,  the 
theory  was  amended  by  Orowan  to  include  in  the  surface  energy  term 
the  plastic  deformation  energy  dissipated  in  a  narrow  band  underlying 
the  fracture  surfaces.  However,  this  induces  a  second  arbitrary  fac¬ 
tor  into  the  Griffith- Orowan  theory,  since  the  "effective  surface  energy" 
term  must  be  deduced  from  observed  test  results  rather  than  being 
known  a  priori. 

Subsequent  work  extended  the  utility  of  the  Griffith  criterion  to 
the  case  of  multiaxial  stresses  and  non-uniform  stress  fields;  in  fact, 
the  theory  has  been  applied  with  some  success  to  account  for  strain- 
rate  effects  and  to  predict  conditions  under  which  a  running  crack  may 
be  halted  or  decelerated.  At  the  same  time,  the  Griffith  theory  cannot 
explain  sise  effects,  different  strengths  corresponding  to  various  load¬ 
ing  conditions,  or  account  for  the  effect  of  grain  sise  and  porosity  in¬ 
fluences  (other  than  by  an  artificial  variation  of  the  surface  energy 
term). 

The  second  failure  theory  is  probabilistic  in  nature.  Proposed  by 
Weibull,  it  is  not  concerned  with  the  influence  of  a  single  crack  on 
fracture  strength,  but  considers  that  a  random  distribution  of  flaws 
exists  in  the  material.  Considering  then  the  density  and  severity  of 
existing  cracks,  the  theory  assigns  a  certain  probability  of  failure  to 
the  body  depending  upon  its  sise  and  the  state  of  stress  existing  in  it. 

The  Weibull  theory  also  contains  (in  its  simplest  form)  two  arbitrary 
constants:  the  stress  level  below  which  cracks  simply  cannot  be  propa¬ 
gated  (the  "aero  strength")  and  a  conetant  descriptive  of  fluw  distribu¬ 
tion  and  severity  in  the  material.  This  statistical  approach  to  fracture 
can  directly  account  for  the  variation  in  strength  with  volume,  stats 
of  stress  or  manner  of  loading.  Regarding,  however,  such  parameters 
as  temperature,  grain  sise,  porosity,  skin  effects  or  stress  gradients. 
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the  theory  is  reduced  to  a  condition  of  requiring  arbitrary  adjuetmente 
in  the  empirical  conetante  contained  in  it.  When  it  cornea,  lastly,  to 
such  considerations  as  strain  rate  effects  or  delayed  fracture,  the 
Weibull  theory  is  simply  incapable  to  render  a  satisfactory  account  of 
observed  phenomena. 

This  oversimplified  account  of  the  current  state  of  understanding 
of  fracture  phenomena  shows  that,  while  a  few  items  are  understood, 
many  more  require  elucidation.  Recognising  the  need  for  a  carefully 
planned  approach  to  this  area  of  research,  the  Aeronautical  Systems 
Division  decided  to  fund  a  broad  study,  allowing  for  a  well-planned 
and  soundly  organised  approach  to  a  fundamental  investigation  of  ths 
parameters  influencing  the  strength  and  failure  characteristics  Of  in¬ 
organic  non-metallic  ceramics. 

In  selecting  the  research  areas  most  worthwhile  to  explore  on  this 
program,  it  was  evident  from  the  outset  that,  even  as  large  a  program 
as  this  one  could  not  resolve  all  of  the  challenging  problems  requiring 
attention;  the  gaps  in  knowledge  were  too  wide,  the  fundamentals  some¬ 
times  questionable,  and  the  specific  results  pertaining  to  structural 
ceramics  too  few.  Therefore,  it  appeared  desirable  to  combine  re¬ 
search  areas  ranging  from  the  very  fundamental  to  the  highly  applied, 
in  order  to  achieve  a  maximum  degree  of  utility  for  the  overall  pro¬ 
gram. 

It  was  decided  early  in  the  preparation  for  this  effort  that  a  single 
contractor,  even  if  broadly  diversified,  could  not  develop  the  maxi¬ 
mum  possible  returns  from  this  program;  an  effort  concentrated  solely 
within  one  organisation,  no  matter  how  gifted  its  personnel,  would  suf¬ 
fer  from  the  stultifying  effects  of  drawing  only  upon  ideas  available 
"in  house".  Therefore,  it  was  resolved  to  divide  the  program  into 
Indivldugj^  Task  investigations,  and  to  subcontract  about  half  of  ths 
Tasks  to  other  loading  industrial  or  acadsmic  research  organiaatione 
in  order  to  obtain  a  large  cross-fertilisation  of  ideas  and  approaches 
to  the  central  problem. 
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Th«  quastion  of  aalaction  of  auitablo  raaamrch  araaa  for  indivi¬ 
dual  Taaka  poaad  a  conaiderabla  problam.  Soma  14  major  faetora 
having  an  affact  upon  the  atrangth  of  brittle  matariala  are  dlacuaaad 
in  Raferanca  1  and  thia  liat  ia,  by  no  maana,  axhauativa<  The  dacl- 
aion  for  initial  araaa  of  Inveatigation  waa  largely  baaad  upon  the  im¬ 
portance  of  information  nought,  coupled  with  the  poaaibla  degree  of 
auccana  for  attaining  the  atatad  goala  of  the  program.  Thaaa  conai- 
darationa  raaultad  in  aelacting  11  araaa  of  raaaarch  to  be  explored 
on  aaparata  Taaka,  whona  brief  identification  by  titla  in  given  below. 

Tank  Brief  Titla 

1  Siaa  Effacta;  "Zero  Strength*' 

2  Strain  Rate  Effacta 

3  Non-Uniform  Straan  Fialdn 

4  Effect  of  Microatructura 

5  Internal  Friction  and  Lattice  Dafacta 

6  Surface  Energy  Daterminationn 

7  Fracture  Machaniamn 

8  Impurity  Influancan 

9  Static  Fatigue:  Delayed  Fracture 

10  Effect  of  TharmAl- Mechanical  Hiatory 

11  Surface  Active  Environmanta 

A  more  comprahanelva  breakdown  of  the  nature  of  the  Taaka, 
giving  an  overall  preaantation  of  the  complete  program  acope  aa  wall, 
ia  praanntad  in  Table  I.  Of  the  total  of  11  Taaka  undertaken  on  thia 
program,  fiva  are  conducted  at  Armour  Raoaarch  Foundation,  while 
alx  are  carried  out  under  aubcontract  in  keeping  with  the  philoaophy 
of  general  principlaa  for  thia  program  aa  explained. 

At  the  riak  of  ovaraimpliflcation,  one  may  ganeraliae  the  nature 
of  individual  raaaarch  araaa  by  obaarvlng  that  Taaka  1,  2,  4,  9  and  11 
aaak  to  inquire  into  faetora  whoae  affact  on  the  atrangth  of  brittle  aub- 
atancea  haa  bean  already  explored  to  aoma  degree  for  metala  or  other 
matariala  diaplaying  brittle  behavior  (plaatica,  glaaa,  plaatar  of  paria, 
natural  rocka),  but  whoae  qualitative  or  quantitative  influence  on  the 
atrangth  of  carefully  prepared  ceramic  oxidea  waa  never  explored  in 
any  detail.  Converealy,  Um  information  nought  from  Taaka  3,  5,  6, 
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Table  1 
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7,  8  and  10  rapraianta  a  novel  departure,  not  previouely  inveetlgated 
in  a  eearching  manner. 

Another  aapeet  governing  the  planning  for  thie  program  wae  that, 
ineofar  ae  poseible,  the  eame  materiale  be  eelected  for  experimente 
conducted  on  each  Taek,  to  afford  ready  comparieone  and  provide 
background  data  for  the  individual  reeearch  undertaklnge.  Obeerving 
thie  requirement,  AI2OJ  and  MgOwere  eelected  ai  the  principal  ma» 
teriale  to  be  etudied  on  thie  program,  becauee  of  their  comparatively 
ready  availability  both  ae  eingle  cryetala  and  multicryetala  in  reaeon- 
ably  large  eiaee,  the  particularly  eimple  cryetallographlc  nature 
(ionic  lattice)  of  MgO,  and  an  extensive  amount  of  prior  literature 
aeeembled  regarding  their  behavior.  In  this  context,  AI2O2  and  MgO 
are  regarded  as  "model  materials";  if  their  phenomenoMglc  behavior 
is  aatisfactorily  explored,  it  will  open  the  way  to  an  understanding  of 
the  anticipated  performance  of  other  brittle  substances  (nitrides,  bor¬ 
ides,  carbides,  Intermetalllcs)  intsndsd  for  structural  use  in  ultra- 
high  temperature  environments. 

For  purposes  of  basic  studies,  thess  materials  are  tdilised  in 
three  forms:  (a)  slngls  crystals,  (b)  polycrystallins  matsrial  of  the 
best  density  and  purity  consistent  with  commercially  practiced  fabri¬ 
cation  methods,  and  (c)  polycrystals  of  the  highest  purity  and  density 
attainable  with  the  most  demanding  fabrication  methods  known  at  pre¬ 
sent,  which  eliminate  the  influence  of  as  many  extransous  factors 
(porosity,  impurities)  as  possible.  The  consideration  underlying  the 
utilisation  of  two  polycrystalline  forms  of  the  materials  selected  is 
to  extend  results  obtained  with  pure  forms  commercially  available 
substances  which,  if  successfully  accomplished,  could  yield  design 
data  of  direct  applicability. 

The  proper  organisation  and  presentation  of  the  reeults  of  a  re¬ 
search  program  as  broad  as  the  current  one  always  poses  some  dif¬ 
ficult  problems.  To  maintain  the  continuity  of  presentation,  and  still 
identify  the  specific  problems  attacked  on  each  phase  of  the  program. 
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it  ha*  b««n  decided  to  eeeemble  general  information  pertaining  to  the 
materiale  used  in  thia  program  into  a  eeparate  section  dealing  epeci- 
fically  with  this  subject;  thia  topic  comprises  Chapter  11  of  the  text, 

The  results  of  research  carried  out  on  this  program  are  then  summa¬ 
rised  in  Chapters  111  and  IV,  where  each  Task  is  described  as  an  indi¬ 
vidual  self-contained  item.  Thus,  each  of  the  Task  reports  are  iden¬ 
tified  in  regard  to  principal  investigator  and  research  organisation, 
and  carry  their  own  abstracts  and  conclusions;  their  figures,  tables 
and  references  are  identified  by  a  prefix  corresponding  to  the  Task 
number. 

In  addition  to  the  final  Task  reports  given  in  Chapters  III  and  IV,  ' 
Appendix  A  presents  the  final  report  on  "Anelastic  Phenomena  in  Poly- 
crystalline  Oxide  Ceramics"  by  L..  M.  Atlas  and  J.  M,  Stuart.  This 
report  was  prepared  as  a  result  of  an  Internally  sponsored  ARF  pro¬ 
gram,  and  is  attached  because  of  its  close  association  with  the  current 
work  and  planned  continuation  of  Task  5  of  the  parent  program. 

As  with  all  large  research  undertakings,  the  success  of  attaining 
the  stated  goals  of  the  overall  program  rests  in  large  measure  with 
the  guidance  given  it  by  the  sponsoring  agency.  It  is  pleasing  to  acknow¬ 
ledge  in  this  regard  the  frequent  exchange  of  helpful  information,  the 
supply  of  reports  dealing  with  related  research  programs,  and  the  sug¬ 
gestions  advanced  in  the  conduct  of  research  by  J.  B,  Blandford  and 
J.  D.  Latva,  the  Technical  Monitors  of  this  research  program,  as  wall 
as  by  W.  G.  Ramke  and  J.  J.  Krochmal  from  the  Ceramics  and  Gra- 
phiu  Branch,  Directorate  of  Materials  and  Processes  of  ths  Asronau- 
tical  Systems  Division,  U8AF. 

It  is  also  pleasing  to  report  that  the  research  carried  out  to  date  on 
this  contract  has  already  resulted  in  the  oral  presentation  of  two  techni¬ 
cal  papers^^’  In  addition,  E.  Orowan  has  submitted  a  technical  note 
for  publication  to  Nature  and  a  number  of  other  papers  are  in  prepara¬ 
tion  presenting  the  results  of  research  conducted  on  this  program. 
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11.  MATERIALS 


1 .  INTRODUCTION 

As  mentioned,  the  reeeerch  carried  out  on  this  program  Is  con¬ 
cerned  mainly  with  two  oxides,  AI2O3  MgO,  although  other  ionic 
crystals  such  as  KCl,  NaCl,  KI  and  CaF2  are  also  being  used  for  ex¬ 
ploratory  purposes  by  some  of  the  Tasks,  In  addition,  exploratory 
work  for  several  Tasks  also  utiliaed  photoelastic  materials  (CR-39 
and  Plexiglas),  Graphite,  plaster  of  paris^and  glass. 

The  magnesium  oxide  and  aluminum  oxide  used  as  the  principal 
materials  of  research  are  explored  as  single  crystals  and  in  two  forms 
of  polycrystalline  material;  a  form  whose  purity  and  density  is  equal 
to  the  highest  levels  attainable  in  normal  commercial  operations,  and 
an  ultra-high  density  and  purity  polycrystalline  material  fabricated 
specially  for  purposes  of  this  investigation.  The  three  varieties  of 
the  two  oxides,  therefore,  comprise  six  materials  used  throughout 
the  program  for  experimental  purposes.  Information  regarding  these 
materials,  concerning  background  data  of  general  interest  (such  as 
methods  of  fabrication,  compositional  analysis  and  general  mechan¬ 
ical  properties)  is  given  below. 

2.  ALUMINUM  OXIDE 
A.  Single  Crystals 

This  material  is  being  supplied  by  the  Crystal  Products  Section 
of  the  Linde  Company,  a  division  of  Union  Carbide  Corp.  in  East 
Chicago,  Indiana.  Boules  are  available  in  sises  up  to  SOO  carats; 
centerless  ground  specimens  in  maximum  sises  of  3  in.  length  for 
1/2  in.  diameter,  10  in.  length  for  1/4  in.  diameter  and  18  in.  length 
for  1/8  in.  diameter,  The  material  is  available  in  four  finishes 
(chemically  etched,  flame  polished,  mechanically  polished  and  cen- 
terlees  ground).  A  representative  composition  is;  Fe  1-10  ppm; 

Mg  and  Li  1-10  ppm;  Mn,  Sn,  B  undetected  (within  sensitivity  of 
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meaiurement  of  10  ppm);  Ag,  Ca,  Cr,  Cu  undetected  (within  ieneitl- 
vity  of  meaeulrement  of  1  ppm);  balance  AI2OJ, 

The  material  can  be  supplied  with  doping  oxides  up  to  the  follow¬ 
ing  percentages;  Cr  4,  0;  N1  3.  0;  Co,  Mo  and  V  2,0;  Cul.O; 
re  0.75. 


B,  High-Density  Commercial  Multicrystals  (Wesgo  AL995) 

This  material,  and  specimens  fabricated  from  it,  were  supplied 
by  the  Western  Gold  and  Platinum  Corporation  (Wesgo),  using  a  pro¬ 
prietary  composition  labeled  AL995.  This  material  is  listed  as  a 
99<  5%  AI2O3  body,  with  a  bulk  specific  gravity  of  3,  89  (theoretical  = 
3.996);  the  estimated  density,  theirefore,  ia  97.  35%  of  theoretical,  and 
the  porosity  does  not  exceed  3%.  Major  impurities  consist  of  MgO, 
8IO2,  Ca’O  and  re202;  total  impurities  do  not  exceed  0.75%.  A  spec¬ 
troscopic  analysis  of  this  material  is  presented  in  Table  II. 


Table  II 

SEMI- QUANTITATIVE  ANALYSIS  OF  WESGO  AL995  * 


Element 

Amount  present  (percent) 

A1 

Principal  Constituent 

Mg 

0.3 

Si 

0.3 

Ca 

0.04 

Fe 

0.02 

Ga 

0.01 

Ti 

0.008 

Cr 

0.006 

Ni 

0.002 

Cu 

0.00005 

By  Chicago  Spectro-Service  Laboratory,  Inc. 


The  Wesgo  material  is  prepared  from  a  starting  powder,  doped 
with  additives  probably  used  as  sintering  aids.  It  is  cold-prssssd 
and  sintered,  the  latter  operation  consisting  of  firing  for  three  hours 
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at  1700°C,  which  produces  an  AI2OJ  ceramic  with  maximum  electri¬ 
cal  properties,  but  represents  a  slight  overfiring  from  viewpoint  of 
optimiun  mechanical  Strength.  The  annealing  operation  used  for 
some  control  specimens,  consisting  of  a  further  three -hour  soaking 
at  1700°C,  represents  a  considerable  overfiring  of  this  material. 

To  examine  the  grain  sire  characteristics  of  "as-received"  Wesgo 
AL995p  specimens  were  sectioned  and  polished,  and  examined  under 
a  monochromatic  light  using  a  B  It  l>  Metallograph  with  a  calibrated 
eyepiece.  The  grain  size  distribut  .m  was  found  to  vary  between  16 
and  12^  with  an  average  of  about  48^;  the  distribution  curve  is 
slightly  skewed  toward  the  larger  sizes.  The  grains  show  a  large 
variation  in  shape,  ranging  from  low  to  intermediate  sphericity. 

The  pores,  in  turn,  show  little  variation  in  size  or  shape. 

The  same  material,  annealed  at  1700  C  for  three  hours,  shows 
a  bimodal  grain  size  distribution  with  maxima  at  24  and  64^  ,  even 
though  the  total  size  range  remains  within  the  limits  of  16'-128^  in 
the  annealed  material.  The  grains  continue  to  have  low  to  interme¬ 
diate  sphericity,  the  smaller  grains  being  more  angkUar  than  the 
large  ones.  The  pores  show  large  variations  in  size  and  shape  after 
annealing. 

The  "as-received"  Wesgo  material  indicated  a  4mall  amount  of 
secondary  grain  growth,  which  became  very  pronounced  in  the  an¬ 
nealed  material.  This  secondary  growth  did  not  affect  the  strength 
of  the  material,  except  to  cause  zones  of  high  residual  stresses 
around  the  holes  drilled  to  admit  the  loading  pins.  This  led  to  pre¬ 
mature  failure  in  some  of  the  specimens. 

C,  Ultra- High  Density  Multicrystsls  (Lucalox) 

This  material  is  a  development  of  the  Lamp-Glass  Division  of 
General  Electric  Company  which  has  been  trademarked  Lucalox. 

At  grain  sizes  in  excess  of  20^ ,  the  material  is  a  pure  dense  alum- 
imvm  oxide  (99.  97%  theoretical)  with  an  essentially  zero  porosity  and 
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ii  largely  tranalucent  ae  compared  to  the  opaque  Weego  AL995,  The 
resulte  of  a  apectroecopic  analyaia  of  Lucalox  are  Hated  in  Table  III. 


Table  lU 

SEMI- QUANTITATIVE  ANALYSIS  OF  LUCALOX* 


Element 

Sample  Cruahed  in  Agate 
Mortar,  Amount  Preaent 
(Percent) 

"Aa  Received,  "  Not  Mortared 
Amount  Preaent 
(Percent) 

A1 

Principal  Element 

Principal  Element 

Fe 

0.  07 

0.  002 

Mg 

0.  15 

0.  15 

Ti 

0.01 

Not  Detected 

Mn 

0.  001 

Not  Detected 

V 

0.004 

Not  Detectfid 

Na 

0.  08 

Not  Detected 

Cu 

0. 0003 

Not  Detected 

Ni 

0.0015 

Not  Detected 

Ca 

0.04 

0.004 

Cr 

0.  002 

Not  Detected 

Ga 

0.003 

Not  Detected 

Si 

0.03 

0.03 

By  Chicago  Spectro-Seryice  Laboratory,  Inc. 


A  grain  aiae  determination  ahowed  a  diatribution  ranging  from  32 
to  64^  with  an  average  of  approximately  A9/u.  .  The  diatribution  waa 
aymmetrical  and  the  graina  were  of  uniform  ahape,  with  a  few  email 
porea  of  uniform  aise  and  ahape  diatributed  evenly  in  the  material. 
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At  grain  tisca  above  30^  the  material  approachea  the  theoreti> 
cal  denalty  for  AI2OJ  (3.996  g/cc);  below  thia  grain  aiae  the  denaity 
gradually  decreaaea  to  about  97.  2%  theoretical  at  a  grain  aise  of  5yu, 
aa  ahown  in  Fig.  1.  Lucalcx  ia  compoaed  of  graina  of  very  uniform 
aiae;  aa  anticipated,  at  a  grain  aiae  of  5^  a  email  amount  of  inter¬ 
granular  poroalty  ia  obaervable,  aa  illuatrated  in  the  photomicrograph 
of  Fig.  2.  Detaila  of  the  manufacturing  procedurea  uaad  in  the  pro¬ 
duction  of  Lucalox  are  proprietary  and  therefore  not  available. 


Fig.  1  STRENGTH  AND  DENSITY  OF  LUCALOX  AS  A  FUNCTION  OF 

GRAIN  SIZE 


Kot«  amall  Amount  of  IntorgrAnular 
poroaity  chAractariatic  of  matariAl  at 
thia  grain  aiaa. 


Fig.  2  PHOTOMICROGRAPH  OF  LUCALOX  AT 
S/a  GRAIN  SIZE  X  250 
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D.  Preliminary  Studias  on  Al2iPg 


Before  proceeding  with  large  ecale  testing  of  the  two  grades  of 
Al^O^  used  in  the  program,  a  preliminary  study  was  undertaken  to 
validate  information  obtained  from  the  sources  of  supply  of  the  ma¬ 
terial,  and  to  gain  soma  insight  into  the  anticipated  properties  of  the 
materials  to  be  used. 

Initial  information  released  by  the  manufacturer  of  Lucalox  in¬ 
dicated  a  strength  of  55,  000  psi.  Inquiries  made  in  this  regard  re¬ 
vealed  that  the  reported  data  were  obtained  on  highly  polished  bars, 
1/4  in.  square  in  section  and  1  in.  long,  loaded  over  a  5/8  in.  span 
in  three-point  bending.  Therefore,  as-received  Lucalox  specimens 
having  an  average  grain  siae  of  48^  ,  were  cut  into  the  shape  de¬ 
fined  above,  and  subjected  to  a  three -point  loading  over  a  span  of 
5/8  in,  A  total  of  nine  bars  were  used  to  study  the  additional  ef¬ 
fects  of  surface  finish,  three  bars  were  left  in  the  as-received  con¬ 
dition,  three  were  given  a  mild  polish  to  remove  the  gross  surface 
defects,  and  the  last  three  were  given  a  high  polish.  A  group  of 
three  as-r<)ceived  Wesgo  AL995  specimens  were  also  tested  at  the 
same  time.  The  results  of  these  experiments  are  given  in 
Table  IV.  The  last  line  included  in  Table  lY  pertains  tp  a  set  of 
three  "maximum  strength"  Wesgo  specimens  tested  in  the  as- 
received  condition.  This  material  is  specially  processed  by  the 
company  for  outstanding  strength  properties  and  costs  about  50% 
more  than  the  normal  production  materials. 
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Table  IV 


ROOM  TEMPERATURE  BENDING  STRENGTHS 
OF  Al^Pj  SPECIMENS* 


Material  and 

Finish 

Extreme  Fiber  Strength,  {] 

0'^  psi) 

Spec.  1 

Spec.  2 

Spec.  3 

Average 

Lucalox, 

28.4 

26.  2 

27.  6 

27.  4 

As  Received 

Lucalox, 

Semi- Polished 

30.9 

35.  5 

29.  4 

31.  9 

Lucalox,  Polished 

34.8 

40.  5 

39.9 

38.  4 

Wesgo  AL995, 

As  Received 

41.  1 

31.  0 

43.  5 

38.  5 

Wesgo  "Maximum 

56.7 

Strength"  Al.O, 

52.7 

55.  5 

61.8 

As  Received^  ^ 

*l/4>in.  iquare  croee  lection  epecimene,  teeted  over  5/8  in.  epan 
in  3 -point  bending. 


The  average  fracture  atrength  obtained  for  the  polished  Lucalox 
is  38,  400  psi,  corroborating  the  strength  of  39,  000  psi  shown  in  Fig. 
1  for  an  average  grain  sice  of  48^  .  The  effects  of  surface  finish 
are  seen  in  the  16.6%  increase  in  rupture  strength  for  semi-polished 
samples  and  the  40.  2%  increase  for  a  highly  polished  surface.  This 
indicates  the  sensitivity  of  the  fracture  strength  of  a  bending  sample 
to  the  presence  of  surface  flaws. 
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A  rather  unexpected  reeult  wae  the  coneidarably  higher  etrength 
o£  the  Weago  material  than  the  Lucalox  at  comparable  grain  aisea, 
deapite  the  higher  poroaity  of  the  former.  Thia  la  very  likely  to  have 
ita  origin  in  what  can  beat  be  termed  the  "textural  propertiea"  of  the 
material.  According  to  the  Fetch  relationahip.  cracking  ahould 
clearly  initiate  in  the  largeat  grain  aubjact  to  a  given  atreaa.  Since 
the  Weago  AL995  haa,  becauae  of  ita  wider  grain  aiae  diatributlon, 
larger  graina  than  thoae  to  be  found  in  Lucalox  of  the  aame  average 
grain  aizei  crack  initiation  ahould  require  a  lower  etreaa  in  the  for¬ 
mer.  Therefore,  one  muat  rule  out  crack  initiation  cpnaiderationa 
aa  an  explanation  of  the  obaerved  atrength  relationahip,  and  aeek  an 
anawer  for  thia  apparent  anomaly  in  conditiona  governing  the  propa¬ 
gation  of  already  nucleated  cracka. 

In  the  caae  of  Lucalox,  a  crack  which  haa  begun  to  propagate  haa 
little  in  ita  way  to  atop  it.  While  it  ia  probable  that  grain  boundariea 
have  aome  diaperalng  action  on  the  atreaa  concentration  at  the  tip  of 
the  crack,  thia  ia  apparently  not  a  very  effective  barrier  to  continued 
crack  propagation.  In  contraat,  Weago  AL995  haa  two  textural  pro- 
pertiea  which  may  be  potentially  effective  crack  barrlera:  porea  and 
very  email  graina.  The  crack  retarding  effect  of  a  email  pore  ia  well 
known  and  need  not  be  further  belabored.  However,  the  poaaible  bar¬ 
rier  effect  of  amall  graina  acting  aa  a  matrix  between  large  cryatala 
haa  not  been  given  much  conaideration.  Aa  ia  well  known,  the  Grif¬ 
fith  propagation  theory  poatulatea  that  the  crack  ia  running  into  a 
uniform  atreaa  field,  an  aeaumption  which  ia  not  particularly  appli¬ 
cable  to  a  polycryatalline  material.  In  thia  caae,  the  atreaa  field  ia 
more  apt  to  be  fluctuating  (becauae  of  the  influence  of  grain  boundariea 
and  porea),  akin  to  the  more  periodical  fluctuation  of  the  potential  field 
in  a  cryatal  lattice.  When  the  fluctuationa  are  far  apart,  compared  to 
the  critical  aiae  of  a  crack  needed  for  propagation,  the  cracka  develop 
their  full  velocity  and  eaaily  Jump  the  grain  boundary  barrlera.  How¬ 
ever,  if  a  crack  initiatea  in  a  large  grain,  but  then  hai  to  traverae  a 
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■•riet  of  very  ■mall  grains  with  only  short  distances  between  the 
boundaries,  its  momentum  may  be  much  diminished.  Consequently 
it  may  be  brought  to  a  halt  at  small  discontinuities  which  would  not 

effectively  stop  a  more  rapidly  propagating  crack.  These  consider- 

* 

ations  lead  to  the  interesting  conclusions  that  polycrystalline  cera¬ 
mics  might,  in  effect,  be  strengthened  by  the  presence  of  a  small 
residual  porosity  and  by  a  widening  of  the  distribution  around  the 
average  value  of  grain  size. 

Additional  evidence  of  the  possibility  of  this  behavior  is  that 
while  the  as-received  Wesgo  material  with  an  average  grain  sise 
of  45^  has  approximately  the  same  strength  as  the  polished  Luca- 
lox,  a  slightly  lower  density  Wesgo  material  with  an  average  grain 
size  of  10^  has  a  strength  considerably  lower  than  polished  Lu- 
calox  specimens  having  a  comparable  grain  size  of  10^  . 

•m 

W(< 

E.  Influence  of  Porosity  on  Strength  of  Lucalox 

Because  of  the  questions  raised  by  the  preliminary  studies 
described  in  the  previous  section,  it  was  decided  to  review  the 
available  evidence  on  the  influence  of  porosity  and  grain  size  upon 
the  strength  of  brittle  materials. 

Without  attempting  to  make  a  complete'  review  of  this  problem, 
it  may  be  mentioned  that  two  general  formulations  have  been  pro¬ 
posed  to  relate  the  strength  of  brittle  bodies  to  the  porosity  contained 
in  thf.>n.  One  is  due  to  Balshin^^^  which  expresses  the  strength  0^ 
of  a  porous  body  in  the  form 

<r^  *  (1) 

where  O'  is  the  strength  of  the  dense  body,  ^  is  the  relative  density 
(>*  s  1  ~  p;  P  porosity),  and  m  is  a  numerical  exponent  varying 
between  3  and  6.  The  second  formulation  is  due  to  Ryshkewitch'  '  who. 
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in  a  detailed  inveetigatlon  on  polycryetalline  AI2OJ  and  ZrO^,  noted 
that  they  varied  exponentially  with  a  de<;reaaa  in  poroaity.  Thii  ob- 
■ervation  wae  formalized  by  Duckworth^^^  who  in  a  discuaeion  of 
Ryahkewltch'  paper  proposed  the  form 

=  (re"'*^  (2) 

where  b  ia  a  nvimerical  constant  generally  varying  between  4  and  9« 

Actually,  both  of  these  formulations  must  be  considered  as  partial 
simplifications  of  more  complex  phenomena.  The  effect  of  porosity  on 
strength  should  be  a  composite  of  two  independent  influences;  the 
amount  of  material  removed  from  the  material  by  the  pores,  and  the 
stress  concentration  factors  attributable  to  them.  The  first  effect  la 
purely  volumetric.  The  second  effect,  however,  would  consider 
whether  the  material  contains  many  small  voids  or  a  few  large  pores, 
and  assign  different  weakening  factors  to  the  corresponding  textural 
effects.  Additional  considerations  may  Involve  the  uniformity  of  size 
and  distribution  of  pores,  which  must  be  attacked  by  statistical  con¬ 
siderations. 

As  long  as  pores  are  roughly  proportional  in  size  to  the  void  ratio 
and  grain  size,  these  parameters  will  not  manifest  themselves  separ¬ 
ately,  but  will  be  submerged  into  expressions  that  take  into  account 
only  the  influence  of  grain  size  and  porosity  on  the  strength  of  the  ma¬ 
terial.  This,  in  fact,  is  frequently  the  case  with  polycryetalline  mater¬ 
ials.  For  these  conditions,  Eq.  1  and  2  will  then  be  quite  representative; 
the  choice  between  them  must  then  be  made  on  the  basis  of  correlations 
with  experimental  results  after,  of  course,  suitable  allowance  is  made 
for  the  inclusion  of  the  grain  size  effect  into  the  corresponding  equations. 

Tests  appear  to  indicate  that  the  Ryshkewitch  relationship  is  a  better 
description  of  observed  phenomena;  this  expression  has,  therefore, 
found  rather  wide  acceptance.  A  detailed  study  on  this  subject  has  been 
recently  carried  out  by  Knudsen^^^  who,  after  careful  examination  of  the 
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available  theoretical  and  experimental  evidence,  euggeeted  the  adop¬ 
tion  of  Eq.  2,  combined  with  a  etrength- grain  eiae  relationehlp  of 

<r  k  d"*  (3) 

\^here  d  ia  the  grain  siae,  while  a  and  k  are  conatanta.  The  com¬ 
plete  form  of  the  relationahip  propoaed  by  Knudaen,  therefore,  reada 

o-p  »  k  d'*  e’^P  (4) 

and  ita  applicability  waa  ahown  to  hold  for  a  wide  variety  of  materiala, 
with  valuea  of  a  ranging  between  0.  2  and  0.9<  Further  confirmation 
of  thla  relationahip  haa  been  given  in  a  recent  paper  by  Sprigga  and 
Vaalloa^^^  who,  for  Al20j(found  a  >  1/3.  They  further  propoaed  a  re¬ 
lationahip  aimilar  to  Eq,  2  for  the  modulua  of  elaatlclty  of  the  material, 
in  the  form 

Ep  «  Ee’®P  (5) 

where  Ep  and  E  are  the  moduli  ox  elaaticity  pertaining  to  the  poroua 
and  denae  material,  reepectively.  The  value  of  the  conatant  B  in 
Eq.  5  waa  found  to  be  4.  5  for  both  AI2O2  and  MgO. 

A  poaaible  objection  to  the  relationahip  embodied  in  Eq.  3  ia  that 
it  predicta  a  vanlahing  atrength  with  Increaaing  grain  aiae.  If  uaed 
beyond  the  limita  of  ita  intended  range,  thla  could  be  conatruad  to  im¬ 
ply  that  aingle  cryatale  would  have  virtually  no  atrength  of  their  own. 
One  way  of  circumventing  thla  ia  tc  replace  Eq.  3  with  the  atrength 
relationahip  propoaed  by  Petch^^\  in  the  form 

<r  -  0*^  +  k  d-^^*  (6) 

where  O’  ia  the  Peiarla-Nabarro  friction  atreaa  cauaing  dlelocatlon 
o  ^ 

locking.  The  complete  atrength  relationahip  would  then  become 

O-p  =  (<r  +  k  e***P  (7) 
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To  lAvaatigate  tho  &d«qu&cy  of  theto  preclietiont,  a  careful  review 
wai  made  of  the  etrength  versue  grain  lire  and  deneity  relatlonehlp  for 
the  matOrlaU  used  on  thle  program.  At  the  time  of  thle  writing,  such 
Information  wae  available  only  for  Lucalox,  derived  a»  part  of  the  work 
performed  on  Taek  9  of  thia  program,  uaing  rode  0,  070  in.  iii  diameter 
with  a  carefully  controlled  grain  aize  under  4-polnt  bending.  Thia  la 
preaanted  in  Fig.  1. 

(f\ 

A  careful  analyaia  of  theae  data  waa  made  by  Knudaen'  '  who  found 
that  the  reaulta  preaented  in  Fig.  1  could  be  well  repreaentOd  by  Eq.  4, 
with  numerical  valuea  of  k  >  150,  000,  a  ■  0.  35  and  b  ■  4  for  the  con* 
atanta  appearing  in  that  relationahip.  In  developing  theae  valuea,  a  ref* 
erence  line  waa  eatabllahed  for  the  atrength  veraua  grain  aize  relation* 
ahip  of  Eq.  2,  by  drawing  a  atraight  line  through  the  leaat  poroua  (high* 
eat  grain  aize,  -poroalty  about  0.1%)  apeclmena  ahown  in  Fig.  1.  Thia 
conatructlon' la  preaented  in  Fig.  3. 


*  T  10  io  fa  TO  loa  m 

O  riln  81 

Fig.  3  MODIFIED  STRENGTH  VS.  GRAIN  SIZE  RELATIONSHIP 
FOR  LUCALOX  AT  CONSTANT  POROSltY(“» 
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Th«  fit  of  th«  rottslting  oquation  of 

^  =.  ISO,  000  o*^  (8) 

to  tho  •xportmontal  data  ia  ahown  in  Tabla  Y.  Aa  can  ba  aain, 
tba  agraamant  ia  rathar  good,  tho  avaraga  abaoluta  diffaranea  ba- 
twaan  pradletad  and  obaarvad  raaulta  baing  2.  S% 

Tabla  Y 

riT  or  KNUDSEW  EQtATlOW  TO  DATA  ON  LUCALOX^^^ 


Obaarvad  Strangth 
(10'*  pai) 

Calc.  Strangth* 

Eq.  8,  (10~*poi) 

Pa  reant  Daviation* 

68.0 

68.  58 

+0.9 

70.0 

69*06 

-1.3 

65.0 

69.43 

-0.9 

63.0 

64.  63 

+2.6 

62.0 

59.62 

-3.9 

47.0 

47.09 

+0.2 

46.  0 

41.94 

-8.8 

41.0 

40.05 

-2.3 

27.0 

26.37 

-2.3 

Avaraga  of  Abaoluta  Daviationa:  2.  6% 

*I*arcant  Daviation  »  100 

'^oba 


A  almilar  otudy  wao  carriad  out  to  axamlna  tho  adaquaey  of  tha 
propooad  Xq.  7.  In  ordar  to  do  thla,  tha  data  of  Fig.  1  wora  firat 
raplottad  in  a  Potch-typa  form,  ahown  in  Fig.  4.  Noxt,  a  graph  wao 
praparad,  with  p  on  tha  abaciaoa  and  log  on  tha  ordinata  aa 

ahown  in  Fig.  5,  whara  valuaa  of  &  wara  darivad  from  tha  prarioua 
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rig,  4  FETCH- TYPE  RELATIONSHIP  FOR  DEPENDENCE  OF 
STRENGTH  ON  CRAIN  SIZE  IN  LUCALOX 
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figure.  The  reeulting  numerical  values  were  0^  =  9*  000  pel,  k>  6,  820 
and  b  =  9.  82  with  relation  to  Eq.  7,  which  then  becomes 

d'p  *  (9,  000  +  6,  820  (9) 

The  fit  of  calculated  and  experimental  data  resulting  from  this  re* 
lationship  is  presented  in  Table  VI;  as  can  be  seen,  the  agreement  is 
satisfactory,  although  the  average  of  absolute  deviations  is  somewhat 
higher  at  3.  9%. 


Table  VI 

CALCULATED  STRENGTH  OF  LUCALOX  AS  FUNCTION  OF  GRAIN  SIZE 
AND  POROSITY,  BASED  ON  EQ.  9 


Grain 
Siae,  d 
(mm) 

Observed 

Strength 

exp 

(ksi) 

Porosity, 

(absolute) 

P 

— 

Calculated 
Strength 
at  0 

Porosity 
ff,  (ksi) 

d-p  -  d-e'*^ 

calculated 
strength 
for  porous 
material 
(ksi) 

■gg 

.0062 

in 

0.036 

95.6 

67.0 

0.0 

.0064 

0.032 

94.2 

68.8 

•  0.3 

.0077 

0.034 

79.5 

57.3 

•  10.8 

.0094 

0.014 

79.3 

69.2 

411.6 

.012 

0.009 

71.  1 

65. 1 

46.  8 

.022 

MM 

0. 004* 

94.9 

52.8 

43.5 

.026 

0.009 

51.2 

46.9 

•  0.2 

.037 

■g 

0 

44.4 

44.4 

•  5.5 

.042 

0.001 

42.2 

41.8 

-0.5 

.  140 

m 

0.001 

27.2 

27.0 

0.0 

Average  of  absolute  deviation:  3.9% 


^Estimated  value 

One  liRiitation  in  making  eff  active  comparisons  at  this  time  is  that 
Lucalox  is  an  extremely  denae  mj:te  '  .1,  whose  porosity  variation  is  too 
narrow  to  permit  a  detailed  investigation  of  this  problem;  all  that  can  be 
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■aid  with  data  availabia  at  preaant  it  that  both  Eq.  4  and  7  apparantly 
ara  quits  aatiafactory  in  predicting  the  ftrength  of  ceramics  having 
different  grain  eicae  and  varying  levels  of  porosity.  A  more  detailed 
investigation  of  this  entire  problem  area  is  planned  during  the  contin¬ 
uation  phase  of  this  research,  at  which  time  ceramic  substances  witlt 
a  far  wider  variation  of  porosities  will  be  drawn  under  scrutiny. 


3.  MAGNESIUM  OXIDE 
A.  Single  Crystals 

This  material  is  being  procured  from  two  sources.  One  source 
is  the  Norton  Company,  Worcester,  Massachueatts,  whose  single 
crystal  MgO  is  obtained  as  a  by-product  of  their  "Magnorits**  opera¬ 
tions.  Upon  completion  of  the  thermal  fusion  process  for  Magnorits, 
the  contents  of  the  retort  are  dumped  out  and  crushed  with  sledge¬ 
hammers.  The  yield  of  crystals,  as  much  as  1000  lb,  is  therefore 
,  broken  up  into  pieces  ranging  up  to  about  3  in.  in  sise. 

The  resulting  single  crystals  of  MgO  vary  in  shape,  siee  and 
color,  and  level  of  contaminants.  Their  color  may  range  from  totally 
colorless  to  a  faint  brown,  yellow  or  green  tint  indicating  increased 
levels  of  impurities.  Also,  the  pieces  may  vary  from  completely  trans¬ 
parent  to  barely  translucnat.  Some  crystals  contain  white  "clouds", 
thought  to  be  the  result  of  Incipient  fissuring  induced  by  thermal 
stresses  accompanying  cooling. 

The  maximum  total  impurities  present  in  the  Norton  material 
may  range  up  to  1.  0%.  Their  composition  varies  widely.  A  spectro- 
chemical  analysis  of  three  samples,  excerpted  from  Task  5,  is  re¬ 
produced  in  Table  VII. 

The  eecond  source  of  MgO  single  crystals  is  Semi- Elements,  Inc., 
Saxonburg,  Pennsylvania.  Their  manufacturing  methods  are  aimed  at 
the  direct  production  of  crystals  grown  from  a  pure  MgO  starting 
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Tabic  VII 

QUANTITATIVE  SPECTROCHEMICAL  ANALYSIS  OF 
SINGLE  CRYSTAL  MgO  SPECIMENS* 


Material  Source 

Impurity  (ppm) 

Max.  total 
Impurity 
(percent) 

A1 

Ca 

Cr 

0} 

Ee 

Ma 

SI 

Norton  Co. 

i9 

200- 

1000 

600- 

1500 

60- 

100 

2 

600 

30- 

40 

•  0 

0.6 

Aver. 

600 

900 

73 

D 

600 

37 

D 

Semi -Elements, 
lac. 

B 

200 

80 

2 

400 

30 

5 

0.3 

by  Chicago  Spactro*Scrvicc  Laboratory,  Inc. 


powder;  the  cryetale  are  supplied  with  a  cleave4,  chemically-polished 
or  ground  finish  up  to  1-1/2  In.  slses.  Ths  composition  varies,  but  the 
Impurity  levels  are  generally  lower  than  those  found  In  ths  Norton  ma¬ 
terial.  This  Is  also  shown  in  Tabls  Vll,  where  the  values  shown  are 
based  upon  the  analysis  of  a  single  specimen.  The  chemical  analysis 
supplied  by  Semi-Elements  for  their  material  is  given  as:  SIO2  •  0.  05%; 
rsjOj  -  0.03%;  PbO  -  0.001%;  -  0.01S%;  CuO  -  0.0005%; 

NIO  •  0. 001%;  CaO  -  0. 15%;  MnO  -  0.  01%;  Na20  -  0.  005%;  K2O  • 
0.001%;  balance  MgO;  total  impurities;  less  than  0.  3%.  These  re¬ 
sults  compare  reasonably  well  with  those  listed  in  Table  VU. 

B.  Hiah  Density  Sintered  MgO 

Whenever  possible,  the  materials  used  were  purchased  from 
commercial  suppliers.  These  companies  were  required  to  produce 
the  specimens  from  one  batch  of  material  and  with  one  kiln  firing 
after  the  specimens  had  been  randomly  spaced  In  the  kiln.  No  com¬ 
mercial  source  was  found  who  could  produce  the  MgO  specimens 
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required  within  the  time  end  funding  allotted  to  thie  taek.  The 
Foundation  personnel  developed  a  proceee  by  which  high-density 
multicryetalline  MgOwae  produced  easily  and  rapidly.  While 
several  systems  have  been  tried  and  reported,  the  technique  pre¬ 
sented  below  was  found  to  be  best  for  mass  producing  the  required 
samples. 

The  process  consists  of  preparing  a  solution  by  dissolving  1.  5 
wt.  percent  of  Acrylold  B-72  resin  (100%  solids,  Rohm  k  Haas  Co. , 
Philadelphia  Pa. )  and  3  wt.  percent  stearic  acid  in  carbon  tetrachlo¬ 
ride  and  mixing  in  an  equal  weight  of  Mallinckrodt  AR  Grade  magne¬ 
sium  oxide  powder  to  form  a  slurry.  This  slurry  is  then  mixed  and 
kneaded  while  the  carbon  tetrachloride  evaporates  until  little  solvent 
remains.  The  solid  mass  is  then  ground  to  pass  a  30-mssh  screen. 
The  resulting  powder  is  pressed  from  both  sides  in  a  die  at  9000  psi 
for  one  minute  to  form  the  required  specimen  shape.  The  green  body 
is  then  removed  and  placed  in  a  drying  oven  at  lOO^C  to  drive  off  the 
last  traces  of  carbon  tetrachloride  and  to  harden  the  specimen.  After 
drying  the  specimens  are  kept  in  a  desiccator  until  firing. 

The  specimens  ars  stacked  six  high  on  dense  alumina  bricks 
covered  with  carefully  leveled  fine  alumina  grain.  A  light  dusting 
of  MgO  between  each  specimen  provides  a  parting  surface  for  easy 
separation.  The  bricks  and  specimens  are  placed  in  an  alumina  sag¬ 
ger  and  fired  in  a  Remmey  air/gas  laboratory  kiln.  Depending  on 
else,  75  to  90  specimens  are  fired  from  room  tenqperature  to  1700^0 
in  20  hours,  held  at  temperature  for  3  hours,  and  then  slowly  cooled 
in  the  furnace.  Two  firings  can  be  made  in  a  40-hour  time  period. 

The  Mallinckrodt  MgO  powder  has  a  bulk  density  of  0. 1-0.  2; 
after  mixing  with  the  carbon  tetrachloride  solution,  the  resulting 
powder  has  a  bulk  density  of  0.  8-1. 0.  Density  of  the  green  speci- 
naen  is  1^  7-1.  9,  or  approximately  a  2:1  compaction  ratio  which  is  the 
result  of  addition  of  Acrylold  resin  to  the  MgO  powder.  The  resin 
greatly  improves  strength  and  hydration  reaistance  of  the  green  speci¬ 
men. 
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Th«  fired  MgO  epecimeni  heve  a  bulk  density  ranging  between 
3,  39  and  3.42,  or  approximately  95  percent  of  theoretical  (3.  58). 
They  are  white  and  partielly  translucent,  although  not  to  the  same 
degree  aa  Lucalox.  A  spectrographic  analysis  of  this  material  is 
given  in  Table  VUI.  A  grain  siae  determination  using  the  Smith- 
Guttman^^^  techni<iua  indicated  a  range  from  10  to  100^  with  the 
average  siae  at  about  25^  ,  The  grains  are  highly  spherical  with 
a  few  small  scattered  pores  being  visible. 


Table  VIU 

SEMI- QUANTITATIVE  ANALYSIS  OF  COLD- PRESSED 
AND  SINTERED  MgO* 


Element 

Amount  Present, 
(percent) 

Mg 

Principal  Constituent 

A1 

0.05 

Si 

0.03 

Ca 

0.04 

Fe 

0.005 

Cr 

0. 0003 

Cu 

0.0002 

Chicago  Spectro-Service  Laboratory,  Inc. 


To  date,  this  material  was  used  exclusively  for  the  experiments 
conducted  on  Task  1  of  this  program.  However,  facilities  have  been 
established  at  sufficient  production  rates  to  satisfy  the  needs  of  all 
other  Tasks,  and  the  incorporation  of  this  material  into  experiments 
of  other  Task  programs  is  planned  in  the  future. 


C.  Hot-Pressed  (Ultra-High  Density)  Polycrystalline  MgO 

High  density  polycrystalline  MgO  specimens  for  the  program 
have  been  manufactured  at  ARF  using  the  hm  pressing  techniques. 
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The  MgO  ueed  wae  Flsher'e  USP  light  powder  (Cat.  No.  M49)  to 
which  O'.  5  percent  LiF  wae  added  to  aid  the  eintering  proceee  and 
thereby  produce  material  of  high  density.  It  was  not  thought  that 
the  LiF  addition!;  would  significantly  influence  the  trend  of  the  exper¬ 
imental  data;  the  presence  of  porosity  would  be  far  more  undesirable. 

Some  120  specimens  have  been  produced  with  densities  within  the 
range  3.  56  -  3.  57  g/cc»  i.  e. ,  99.  4  ^  99.  7  percent  of  theoretical: 

In  the  hot-pressed  condition,  the  material  was  relatively  fine  grained. 
The  manufacturing  procedure,  based  on  the  initial  work  of  Tinkle- 
paugh^^^,  is  briefly  outlined  below. 

(1)  Magneisum  oxide  powder  together  with  5  wt  percent  LiF  was 
ball  milled  in  batches  of  250  in  one-gallon  Jars  for  72  hours.  Rub¬ 
ber  stoppers  were  used  as  balls.  In  addition  to  thoroughly  mixing 
the  MgO  and  LiF,  this  operation  reduced  the  volume  of  the  light, 
fluffy  as- received  powder.  It  should  be  noted  that  the  LiF  was  pre¬ 
mixed  with  about  37  g  MgO  and  panned  through  a  NBS  No.  35  sieve 
several  times  to  blend  the  powders  before  adding  to  the  bulk  of  the 
MgO.  This  stage  helped  considerably  in  producing  a  homogeneous 
mixture  Of  the  two  powders  on.  subsequent  milling. 

(2)  Hot-pressing  was  carried  out  in  a  12  in.  high  x  4  in,  diam. 
graphite  mold  containing  a  1/2  in.  diam.  center  hole  into  which  the 
blended  MgO  powder  was  charged.  A  1/4  in.  hole  drilled  from  the 
top  to  a  depth  of  6  in.  and  parallel  to  the  die  cavity  was  used  for 
the  optical  temperature  measurements. 

(3)  The  mold  was  filled  by  pouring  in  14  g  of  powder  (enough 
to  make  one  cylinder  about  1  in.  tall  x  1/2  in.  diam. )  lightly  cold 
pressed  to  allow  the  top  punch  to  move  into  the  mold,  and  trans¬ 
posed  to  the  hot  pressing  apparatus.  Both  top  and  bottom  punches 
were  made  of  grade  580  graphitiaed  carbon. 
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(4)  The  mold  wee  heated  by  a  30 -kw  Ajax  induction  unit,  the 
temperature  being  brought  up  to  1600-1700°F  before  any  meaeur- 
able  load  waa  applied.  At  this  temperature  the  preeaure  wae 
gradually  increaeed,  reaching  a  maximum  of  about  3000  pel  at 
2000°F.  The  temperature  waa  than  raiaed  to  2350°F,  and  held 
there  for  20  min;  eubaequently  the  preeaure  waa  releaaed  and  the 
mold  unit  removed  from  the  apparatua. 

(5)  The  mold  wae  then  quickly  immeraed  in  vermiculite  and 
allowed  to  cool  alowly  to  room  temperature  before  ejecting  the 
MgO  compact. 

(6)  On  removal  from  the  mold,  the  MgO  apecimena  are  en- 
cruated  with  carbon  picked  up  from  the  graphite  die  during  hot- 
preaelng.  Decarburiaation  waa  effected  by  heating  the  apecimena 
to  1200**C  for  168  houra  in  air,  which  removed  the  carbon  by  oxida¬ 
tion.  Thua,  high  denalty,  aingle  phaae,  polycryatalline  MgO  waa 
produced,  a  typical  microatructure  ia  ahown  in  Fig.  6.  In  the 
preaaed  condition,  the  grain  aiae  waa  about  Zlyu.  ,  aa  determined 
by  the  Smith- Guttman^^^  technique.  A  microacopical  examination 
of  a  number  of  longitudinal  aectiona  ahowed  the  preaainga  to  be 
homogeneoua  in  both  grain  aiae  and  diatribution  of  microporoaity, 
Furthermore,  there  waa  no  evidence  of  laminationa  in  the  atructure. 

Prior  to  teating  the  apecimena  were  centerleaa  ground  and  the 
end  facee  ground  aquare  to  the  cylindrical  axia.  In  all  grinding 
operationa  water  coolant  waa  uaed  to  avoid  thermal  cracking. 

Production  of  hot-preaaed  MgO  apecimena  waa  limited  to 
cylindrical  bodiea,  uaed  to  date  axcluaively  for  purpoaea  of  axper- 
imenta  conducted  on  Taak  4  of  thia  reaearch  program. 
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Fig.  6  PHOTOMICROGRAPH  OF  HOT 
PRESSED  AND  DECARBURIZED 
MgO  X  100 

Crain  liBe:  27^  i  No  etchant 
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HI*  FINAL  REPORTS  ON  IN-HOUSE  TASK  PRCX3RAMS 


TASK  1  -  EFFECT  OF  STRUCTURAL  SIZE; 
THE  "ZERO  STRENGTH" 


Principal  Investigator:  S.  A,  Bortz 

Armour  Research  Foundation 


ABSTRACT 

A  detailed  program  was  undertaken  to  determine  the  applicabil¬ 
ity  of  statistical  fracture  theories  to  inorganic  ceramic  material,  and 
to  define  the  major  parameters  affecting  fracture  strength.  Specimen 
shapes  were  developed,  adaptable  to  a  broad  range  of  loading  conditions 
and  volumetric  variations, 

A  rather  complete  experimental  problem  was  carried  out  on 
Wesgo  AL995,  investigating  the  effect  of  five  variables:  prior  thermal 
history,  specimen  finish,  test  temperatures,  environment,  and  speci¬ 
men  size.  Of  these  parameters,  specimen  size,  testing  temperature, 
surface  treatment  and  thermal  history  were  found  to  have  a  primary 
influence  on  fracture  strength.  Environmental  effects  (moisture  con¬ 
tent)  were  found  to  be  significant  only  for  ground  specimens  tested  at 
20®  Ci  at  1000®  C  all  environmental  influences  became  negligible. 

Fracture  in  Wesgo  AL995  at  room  temperature  is  governed 
purely  by  surface  induced  failure  mechanisms.  Both  Weibull  constants, 
the  "flaw  density  parameter",  m,  and  the  "zero  strength",  v  ,  are 
highly  sensitive  to  surface  treatment  and  thermal  history.  5)iecifically, 
grinding  increases  the  value  of  m  but  leaves  cr  unaltered;  annealing 
increases  m  while  also  dropping  the  value  of  o||  to  zero.  Both  condi¬ 
tions  act  to  weaken  the  material.  This  weakening  effect  is  particularly 
pronounced  in  the  case  of  annealed  specimens;  this  is  thought  to  be  as- 
cribable  to  the  destruction  of  a  beneficial  residual  stress  distribution 
originally  existing  in  the  material  due  to  the  subsequent  annealing  treat¬ 
ment. 


Similar  trends  are  indicated  for  Lucalox  and  MgO,  but  data  in 
hand  at  present  are  insufficient  to  permit  firm  conclusions  to  be  drawn. 
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TASK  1  -  EFFECT  OF  STRUCTURAL  SIZE;  THE  "ZERO  STRENGTH" 


1.  INTRODUCTION 

The  etatistical  nature  of  fracture  in  brittle  materials  is  a  compara¬ 
tively  well  established  fact;  both  theories  and  experimental  studies  have 
shown  that  conventional  concepts  of  elastic  theories  do  not  suffice  to  ex¬ 
plain  the  behavior  of  brittle  materials,  unless  the  underlying  aspects  of 
the  random  variability  of  their  strength  is  fully  taken  into  account. 

Theories  dealing  with  the  statistical  distribution  of  the  strength  of 
brittle  substances  are  generally  based  on  the  concept  of  the  "weakest- 
link"  as  the  source  of  fracture  Initiation,  as  reviewed  in  greater  detail 
in  the  report  prepared  for  Task  3  of  this  program.  These  theories,  in 
their  simplest  form,  entail  two  material  paranr^eters,  the  stress  level 
that  the  material  can  withstand  with  an  absolute  assurance  of  freedom 
from  failure  (cr,  the  "aero  strength"))  and  a  constant  descriptive  of 
the  flaw  density  and  severity  existing  in  the  material  (m,  the  "flaw 
density  constant").  Apart  from  requiring  a  knowledge  of  these  two  ma¬ 
terial  parameters,  the  theories  are  at  a  satisfactory  state  of  develop¬ 
ment  to  handle  problems  associated  with  the  slse  of  the  structural  object, 
Its  geometrical  shape  and  the  stress  distribution  existing  In  the  body. 

The  general  aspects  of  such  theoretical  investigations  have  been 
confirmed  by  experiment.  Thus,  it  has  been  shown  that  brittle  mater¬ 
ials  di, splay  a  random  statistical  variation  of  strength,  adequately 
described  in  most  cases  by  the  comparatively  simpler  concepts  of  the¬ 
oretical  formulations.  However,  the  brittle  materials  used  in  these 
studies  were  generally  those  inexpensively  procured  and  easily  fabri¬ 
cated;  thus,  plaster  of  paris,  concrete,  hydrostonS,  and  glass  were 
the  general  objects  of  previous  experimental  work.  Inorganic  cera¬ 
mics,  because  of  their  cost  and  fabrication  problems,  were  seldom 
employed. 


-  37  - 


iTurthcrmor*,  little  attention  wae  paid  to  the  true  nature  of  the 
material  "constant*"  descriptive  of  statistical  theories.  While  one 
investigation  on  graphite  did  show  that  the  value  of  m  varies  with 
temperature,  seldom  was  any  attempt  made  to  explore  this  subject 
fully,  or  to  investigate  the  effect  of  other  parameters,  such  as  en¬ 
vironmental  conditions,  thermal  history  or  surface  treatment,  upon 
the  resulting  variations  in  material  "constants"  entering  the  formula¬ 
tion  of  statistical  strength  theories. 

In  view  of  these  considerations,  the  purpose  of  this  research  had 
two  main  objectives.  First,  to  investigate  th<j  applicability  of  sta¬ 
tistical  theories  of  fract  tre  to  the  ceramic  oxides  selected  as  general 
materials  to  be  used  throughout  this  program  and  to  derive  values  of 
the  statistical  material  parameters,  as  well  as  to  confirm  the  effect 
of  specimen  site  in  these  materials.  The  second  objective  consisted 
of  determining  the  constancy  or  variability  of  basic  material  descrip¬ 
tors  entering  statistical  formulations,  and  to  examine  the  specific 
effects  that  temperature.,  atmospheric  environment,  surface  finish, 
and  heat  treatment  may  have  upon  the  values  of  and  m  for  these 
substances. 


2.  SPECIMEN  DESIGN 

To  investigate  the  fracture  p.  upcrties  of  the  materials,  studies 
were  conducted  using  both  tension  and  bending  test  specimens.  Initial 
experiments  were  performed  in  cooperation  with  the  personnel  of 
Task  3,  utilising  photoelastic  methods  to  observe  whether  contem¬ 
plated  configurations  produced  critical  stress  concentrations  which 
would  cause  fractures  to  occur  in  areas  other  than  the  desired  gage 
section.  These  experiments  were  performed  using  Columbia  resin 
CR-39,  a  very  brittle  plastic  excellently  suited  to  photoclastic  studies. 

A,  Flexural  Specimens 

To  study  sis*  effects  the  specimens  would  require  a  controlled 
gage  section  to  be  loaded  in  pure  bending.  This  requirement  could 
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best  be  met  using  *  4^point  loading  system.  However,  Frocht^^"^^ 
points  out  the  difficulty  of  producing  a  stress  pattern  of  pure  bending 
of  known  bending  moment.  One  of  the  major  problems  is  the  loading 
conditions  themselves. 

If  the  external  loads  are  applied  to  the  extreme  fibers,  friction 
forces  are  developed  which  tend  to  reduce  the  applied  bending  mo¬ 
ment  and  shift  the  position  of  the  neutral  axis.  On  the  compression 
side  of  a  beam  (Fig.  1-1)  there  are  two  factor*  which  tend  to  shorten 
the  distance  AB  on  the  beam;  the  compressive  strain  and  the  deflec¬ 
tion.  Thus,  loads  applied  at  A  and  B  tend  to  move  toward  the  end  of 
the  beam,  generating  friction  forces  Fj  which  act  as  shown  in  Fig. 
1-1.  Strains  developed  on  the  tension  side  tend  to  increase  the 
length  of  CD,  while  the  deflection  tends  to  shorten  the  horisontal  dis¬ 
tance  between  CD.  Experiments,  as  indicated  in  Fig.  1-2  and  1-3, 
show  that  the  effect  of  these  friction  forces  is  t.o  reduce  the  applied 
moment.  Accordingly,  the  forces  F2  act  opposite  to  F^  .  Each 
friction  force  thereby  generates  an  axial  force  and  a  couple  opposite 
in  sign  to  that  of  the  applied  bending  moment. 


P  P 


Load  Points:  A,  B 

Support  Points;  C,  D 

Fig.  1-1  EFFECT  OF  FRICTION  FORCES  ON  PURE  BENDING 
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Fig.  1-2  4-POINT  BENDING  WITH  FDCED 
LOAD  POINTS  AND  SUPPORTS 


Fig.  1-3  4-POINT  BENDING  TEST,  LOAD 

POINTS  AND  SUPPORTS  MOUNTED 
ON  ROLLERS 


J£ yu  it  the  coefficient  of  friction  at  all  points  of  load  contact, 
the  friction  forces  in  Fig.  l^l  are 


and  ^  P  (1-1) 

The  stresses  in  the  gage  section  resulting  from  the  forces  acting  as 
shown  in  Fig.  1>1  are 

<r  »  ^  (1-2) 

M  *  Pa  -  (Fg  h/2  +  Fj  h/2)  (1-3) 


where  M  is  the  internal  moment  and  S  is  the  section  modulus  of 
the  cross  section.  The  total  stress  over  the  central  part  of  the  beam, 
therefore,  becomes 


bd 


6 


|pa  -  (Fj  h/2  +  Fj  h/2)j  (1-4) 


For  the  same  friction  coefficients  at  all  contact  points,  Eq,  1-4  re¬ 
duces  to 


To  determine  the  magnitude  of  error  entailed  in  using  load  points 
that  allow  for  the  development  oif  frictional  forces,  the  Eq.  1-S  must 
be  compared  with  the  equation  for  stress  neglecting  friction. 


so  that 


4  .  («-/-■■) 

^  a 


(1-6) 


(1-7) 
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T«ble  gives  the  results  of  a  friction  study  made,  using  graphite 
specimens. 


Table  1-1 

FRICTION  FORCES  IN  BEND  TESTS  ON  GRAPHITE 


Loading 

Fracture  Load  (lb) 

Average  Load 
(lb) 

1 

2 

3 

Fixed  load 
points  and 
supports 

47.  5 

51 

42.  5 

47 

Movable  load 
points  and 
supports 

53 

62 

47.  5 

54.2 

The  coefficient  of  friction  between  the  load  Jig  and  specimen  was 
determined  as  0.  4.  The  specimens  were  1/8  in.  thick,  and  the 
length  as  shown  in  Fig.  1-1  was  0.4375  in.  Since  the  fracture 
load  la  proportional  to  fracture  stress  for  specimens  of  ths  same 
dimensions,  there  results 

^  ^  u  (LluSihl  .  0.885  (1-8) 


The  experimental  results  presented  in  Table  1-1  yield 


47 

TTZ 


0.87 


in  good  agreement  with  theory. 


(1-9) 


The  results  of  these  experiments  led  to  the  use  of  circular  holes 
on  the  neutral  axis  of  the  beam,  with  loads  applied  through  pine  pas  ¬ 
sing  through  these  holes.  This  procedure  eliminated  the  possibility 
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of  errors  being  introduced  wh<m  the  fracture  strengths  of  different 
depth  beams  were  compared  for  sise  effects. 

Furnace  requirements  limited  specimen  lengths  to  i  in.  for  the 
bending  tests.  To  keep  down  fabrication  costsi  the  basic  bending 
specimen  shepe  was  also  to  be  used  for  the  tensile  specimens;  a 
minimum  transitiqn  radius  of  2  in.  was  chosen  for  this  purpose. 

To  ensure  uniformity  of  denseness  and  reduce  body  flaws  during 
pressing  and  sintering  a  flat  coupon  type  body  was  decided  upon. 
Several  shapes  were  subjected  to  detailed  experimentation;  the 
final  shape  selected  was  a  "dogbone"  configuration  which  met  the 
requirements  of  this  study.  Figure  1-4  presents  a  view  of  a  photo¬ 
elastic  pattern  made  during  the  dogbone  investigation.  The  fringe 
pattern  indicates  that  pure  bending  occurs  in  the  gage  section,  and 
shows  that  stress  concentrations  around  the  pin  holes  are  not  large 
enough  to  cause  premature  failure  at  these  points. 

The  various  dogbone  shapes  adapted  for  this  program  are 
shown  in  Fig.  1-5.  The  volume  ratios  are  1:4;  8.35  from  the  smal¬ 
lest  to  the  largest  gage  section. 

B.  Tension  Specimens 

Studies  were  undertaken  to  determine  an  affective  technique 
for  axial  tension  loading  of  the  basic*  dogbone  design  used  as  a 
flexure  specimen.  Experiments  with  a  pin  connection  were  unsuc¬ 
cessful,  although  modifications  were  made  in  accordance  with  pho- 

1 1  .2) 

toelastic  data  obtained  by  Frocht'  ',  as  shown  in  Fig.  1-6.  These 
failures  were  due  to  the  limitation  on  the  sample  slaes. 

Studies  were  made  using  end  grips  instead  of  pins  through  the 
samples.  Although  swivel  attachments  were  used  in  the  pull-heads, 
photoelastic  experiments  indicated  that  banding  was  occurring  in  the 
gage  section.  Further  inveetigation  with  end  grips  of  various  shapes 
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rig.  1-4 


photos:lastic  pattern  showing  uniform 

BENDING  IN  THE  DOGBONE  SPECIMEN 
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Fig.  1-5  DETAILS  OF  MULTICRYSTALLINE  DOGBONE  SPECIMENS 

FOR  TENSION  AND  BENDING 
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rig.  1-6  PHOTOS LABTIC  PATTERN 
IN  PINNED  TENdlON  SPECIMENS 
SHOWING  SMALL  ECCENTRICITY 
or  LOADING 
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Ud  to  th«  adoption  of  an  opon  inug  fitting  grip  with  a  doublo  clavia 
pin  connaction,  ahown  in  Fig.  1-7.  Photealaatic  pattarna,  praaan- 
tad  in  Fig.  1-8,  axhibltad  unlfornr\  axial  loading  for  thla  arranga- 
mant.  Subaaquant  axparlnoanta  uaing  SR-4  atraln  gagaa  dlaplayad 
aoma  banding  componant  in  tha  carantic  apacimona.  Howavar,  with 
caraful  alignmant  of  tha  apacinnan  in  tha  gripa  and  tha  uaa  of  cruah- 
abla  ahima,  tlia  banding  atraln  ahown  by  tha  gagaa  could  ba  kapt 

balow  10%  of  iba  total  ati^ain  at  failura. 

c 

3.  EQUIPMENT 

A  two-bay  30,  000-lb  hydraulic  unlvaraal  t^ating  machina, 
aquippad  with  a  hydraulic  ram,  load  call  with  acalaa  and  amall 
proving  ringa  which  allow  accurate  reading  from  0.  5-30,  000  Iba, 
waa  uaad  in  tha  axparimanta.  Racordara  can  ba  attached  which 
will  plot  atraaa- atraln  automatically.  Tha  ram  and  load  call  are 
mounted  ao  that  furnacaa  can  ba  aat  up  in  both  baya  and  tha  load¬ 
ing  machaniam  can  ba  aaally  moved  from  one  aide  to  the  other. 

Thla  raducaa  tha  lag  time  for  aampla  placement,  time  to  roach 
teat  tamporatura  and  actual  loading.  Load  can  ba  praaat  and  held 
indaflnltaly  or  cycled  from  tanaion  to  compraaaion.  Ram;  rata 
variaa  from  0  to  3  in.  /min  at  maximum.  Figure  1-9  preaanta  a 
view  of  thla  aquipmant,  showing  tha  control  panel  with  tha  load 
recorder  in  operation. 

An  induction  heating  furnace  haa  bean  daaignad  and  built  for 
operation  in  tha  range  of  1750°C  which  ia  tha  upper  limit  of  the  con¬ 
templated  high  tamporatura  taata  uaing  thia  loading  machina.  Induc¬ 
tion  heating  waa  choaan  bacauao  of  tha  rapidity  of  reaching  operating 
temperature  and  tha  wide  range  of  tamparaturaa  which  can  ba  attained. 
A  achamatic  drawing  of  thia  furnace  ia  ahown  in  Fig.  1-10.  Tha  upper 
tamporatura  la  limited  by  tha  formation  of  carbidaa  between  tha  carbon 
auacaptor  and  tha  oxide  tuba,  which  bacomaa  vary  rapid  above  ISOO^C. 
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fig.  1-7  TENSION  GRIPS  AND  SR-4  INSTRUMENTED 

SAMPLE 
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Fig.  1-8  AXIAL  LOADING  or  SPECIMEN 
USING  SNUG  GRIP  AND  PIN 
CONNECTION 
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Fig.  1-9  TWO-Bi 


Fig.  1-10  SCHEMATIC  OF  HI- T  FURNACE  TO  1750®CWITH 
FLEXURE  TEST  FIXTURE  FOR  AIR  OR  INERT 
ATMOSPHERE 
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Th«  luicaptor  it  isolated  from  the  test  chamber  by  an  alumina  tube. 
This  allows  the  susceptor  to  be  protected  by  passing  an  inert  gas 
around  it,  while  maintaining  an  oxidising  atmosphere  in  the  test 
chamber.  A  10-hc  power  input,  low-frequency  generator  was  utilised 
for  this  furnace.  The  use  of  low-frequency  power  makes  for  good 
impedance  matching  and  good  coupling  between  coil  and  susceptor, 
and  also  allows  the  use  of  the  best  thermal  insulation  while  minimis¬ 
ing  power  loss  from  electrical  radiation. 

To  expedite  experimental  work  on  this  program,  an  intermediate 
temperature  (lOOO^C)  furnace  was  also  fabricated.  The  same  fur¬ 
nace  design  as  shown  in  Fig.  1-10  was  used.  The  susceptor  was  re¬ 
placed  by  a  resistance  heating  element  of  Kanthal  wire. 

Both  furnaces  are  suitable  for  use  in  air,  reducing  atmospheres, 
inert  atmospheres,  and  vacuum,  if  diaphragms  are  used  to  seal  the 
loading  ports. 

The  flexural  testing  Jig  is  shown  in  Fig.  1-11.  This  fixture  is 
fabricated  of  Inconel  for  room  temperature  and  1000*^0  studiee;  for 
higher  temperatures,  AI2OJ  is  used.  A  set  of  typical  bending  frac- 
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4.  THEORETICAL  CONSIDERATIONS 


A.  Flaw  ConatantB 

Tha  Weibull  thaory^^'^'  la  baaad  on  tha  concapt  that  brlttla 
matariala  contain  a  larga  numbar  of  flawa,  which  greatly  lowara  tha 
fracture  atrasa  of  a  material  from  ita  thaoratical  ruptura  atraaa. 

Thaaa  flawa  are  aaaumed  to  be  of  random  alaa  and  diatribution  through 
out  the  body,  and  are  aaaumed  to  ba  the  cauaa  of  the  acattar  obaarvad 
in  the  failure  of  a  ceramic  material.  It  ia  further  aaaumed  that  whan 
tha  atraaa  at  tha  worat  flaw  contained  in  tha  apeciman  becomaa  large 
enough  to  propagate  it  into  a  running  crack,  tha  entire  body  falla 
(waakaat-llnk  theory  of  failure). 

In  developing  hia  thaory,  Waibull  aaaumed  a  norntal  diatribution 
function  relating  tha  probability  of  f  racture,  S,  to  tha  actual  atraaa 
obaarvad  at  fracture,  in  tha  form 

S  =  1  -  a>cp  1^-  V  (1-10) 

In  thla  function,  and  m  are  conatanta  of  tha  material,  with 
<r^  being  tha  claaeical  atrangth4>f  a  "flawlaaa"  apeciman  and  m  being 
rapraaantativa  of  tha  flaw  danaity  in  tha  body;  V  la  the  volume  of  tha 
component  aubjactad  to  tanaila  atraaaaa.  Waibull  only  conaidara  tan- 
aila  atraaaaa  aa  contributing  to  the  fracture  of  a  brittle  component. 

Aa  tha  numbar  of  flawa  par  unit  volume  incraaaaa,  ao  doaa  tha  pro¬ 
bability  that  there  will  ba  a  flaw  of  nrxaximum  aavarity  which  will 
cauaa  fracture  at  a  given  atraaa;  at  tha  aama  time,  with  an  incraaaad 
numbar  of  flawa  (m)  tha  diatribution  curve  bacomaa  narrower  and  tha 
fracture  acattar  bacomaa  annaller, 

Tha  ralationahip  embodied  in  Eq.  1-10  requiraa  a  aaro  value  of 
fracture  atraaa,  0~,for  tha  probability  of  fracture,  S,  alao  to  reach 
aero.  Thia,  in  turn,  impliaa  the  extreme  atatament  that  abaolute 
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•afety  from  fracture  can  be  achieved  only  in  the  total  abeanca  of 
applied  (or  internal)  loads,  which  ia  in  obvious  contradiction  with 
observed  behavior.  To  correct  this  overstatement  Of  his  theory, 
Welbuir)>ropoaed  subsequently  a  semi-empirical  distribution  func¬ 
tion  of  the  form 


(1-11) 


where  the  new  symbol,  0*^  ,  is  the  lower  limit  stress  (below  which 
fracture  cannot  occur),  while  all  other  symbols  retain  their  previous 
meaning.  Since  the  probability  of  fracture  corresponding  to  an  ap¬ 
plied  stress  of  is  S  =  0,  o^  is  frequently  referred  to  as  the 
"sero  fracture  probability  stress"  or,  briefly,  the  "sero  strength'*. 


If  one  rewrites  Eq.  1-11  in  the  form,  using  Briggs'  logarithms, 

log  log  — X-  -  m  log  (c  -  6^j)  -  n  log  log  V  *  log  log  e  (1-12) 
1  —  S 


the  plot  of  the  distribution  function  will  be  linear  in  a  system  where 
log  log  is  the  ordinate  and  log  {<r  -  0^)  is  the  abscissa.  The 

slope  of  the  distribution  function  will  determine  m,  and  the  inter¬ 
cept  on  the  abscissa  will  yield  .  This  method  assumes  that  the 
constant  <r^  Is  known,  which  is  usually  not  the  case. 

The  discussion  to  this  point  has  been  concerned  with  the  functions 
for  the  uniaxial  state  of  stress.  The  equations  change  somewhat  for  a 
bending  specimen.  Starting  with  the  expression  for  probability  of 
fracture 

S  «  1  -  e"® 

the  "risk  of  rupture",  B,  for  a  beam  of  rectangular  cross  section 
(b  X  2h)  subjected  to  pure  bending  over  a  length,  ,/  ,is 
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•  V 

«r- 

2  (m  + 1)  G  ^ 

L  0  . 

(T 

(1-14) 


where  V  •  volume  of  beam  under  pure  bending,  <r  >  bending  etreee 
at  the  extreme  fiber,  and  h^  s  h/d*  . 


The  eemi- empirical  dietribution  for  bending  apecimene  ia  of  the 
form 

log  log  =*  log  B  +  log  log  e 


log  B  a  (m+1)  log  (ff-  ff  )  -  log  «■+  log . 

“  2(m+l) 

o 


(1-15) 


where  N  =  total  number  of  apeeimena,  and  logarithma  are  Brigga'. 

The  probability  of  fracture,  S,  correapondlng  to  a  particular 
atreaa  level,  <r^  ,  can  be  calculated  from  the  expreaaion 


S 


n 

mn 


(1-16) 


where  N  ia  the  total  number  of  aamplea  teated  in  the  aeriaa,  and  n 
ia  the  apecimen  aerial  number  hating  the  fracture  atreaaea  in  an  In- 
creaaing  order  from  1  to  N,  with  0*^  being  the  nth  fracture  atreaa. 
By  Eq.  1- 16  therefore 

log  log  =  log  log  ^ (1-17) 


and  Eq.  1-15  takea  the  form 
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log  log  =  (mfl)  log  (O'-  tfjj)  -  log  (T  h  log  — — — — 

Several  method!  are  now  available  for  determining  the  con- 
etante  of  the  dietributlon  function,  the  most  common  (and  alio  most 
practical)  being  an  iterative  graphical  method  based  on  Eq.  1-12  . 

By  this  approach,  first  a  test  plot  is  made  assuming  >  0.  If  the 
plot  follows  a  straight  line  0*^  is  indeed  equal  to  0;  if  the  test  plot 
is  a  curved  line,  a  trial  value  is  taken  for  o^  *  0.  If  the  curve  re¬ 
verses  itself,  the  trial  value  of  <r^  is  too  high  and  a  new  value  is 
chosen.  This  process  may  be  iteratively  continued  until  a  reason¬ 
ably  straight  line  plot  is  obtained, 

To  obtain  the  values  of  m,  0*^  and  0^  graphically  for  bending, 
a  plot  is  prepared  for 

N'f  1 

log  log  +  log  S  versus  log  (d"- 

The  value  of  0*^  is  determined  by  trial  and  error;  the  correct  value 
is  again  the  one  that  results  in  a  straight  line  plot.  For  the  correct 
value  of  d^,  m  +  1  will  define  the  slope  of  the  straight  line,  and 
0*^  is  determined  from  the  intercept  of  this  line  on  the  vertical  axis. 

For  the  special  case  where  0*^  ■  0 

2(m+l)d;*" 

Mi  J 

and  the  constants  are  obtained  by  plotting  log  log  versus 

log  ^  as  in  the  case  for  tensile  specimens. 

B.  Siae  Effects 

After  determining  the  material  constant,  m,  the  theoretical 
effect  of  volume  on  the  flexural  specimens  can  be  calculated  and 


-  57  - 


compared  to  the  teat  data.  For  the  epeclal  caee  where  0^  ■  0, 
Welbull'e  expreaeion  for  the  mean  fracture  atrength,  0*^,  la 


(1-19) 


where  <r  la  the  atate  of  atreaa  In  a  body  and  S  la  the  probability  of 
fracture  occurring  at  that  atreaa.  If  the  diatrlbutlon  of  atreaaea  In 
the  body  la  arbitrary,  the  riak  of  fracture  la 


B 


(1-20) 


where  the  function  n  (ff)  la  the  material  function. 


The  probability  of  rupture  la 

S  »■  1  -e“®  (1-21) 

The  axpreaalon  for  fracture  atrength  of  a  body  under  a  non-uniform 

atreaa  la 

0 

The  material  function,  n  )  can  alao  take  the  form 


m 

I 


.-B 


d  9 


(1-22) 


n  (o  )  »  K  cr 

where  K  la  a  constant  and  m  la  the  material  flaw  constant.  Waibull 
further  shows  that  the  risk  of  fracture  of  a  point  In  a  body  subjected  to 
a  polydlmenslonal  stress  is  of  the  form 

B'  =  ZK  j  /  coa^"'^^  ^  (<r^  coa^  ^  ^  ^ 

0  -4  (1-23) 
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where  f  end  ^  ere  the  englee  the  normel  etreee  mekel  with  the 
principel  etreeiee. 

In  e  rectenguler  beem  of  width  b  end  height  2h  subjected  to 
e  pure  bending  etreee,  the  etreei  increeeee  ee  e  lineer  function  of 
the  dietence  fronn  the  neutrel  exie  eccording  to  the  reletion 
d*  >  y/h.  The  riek  of  rupture  for  the  length  ^  ie 

Combiniiig  theee  concepts  with  Eq.  1-21  the  following  frecture  for- 
mule  ie  obteined  for  the  bending  strength  of  e  rectenguler  croee  sec¬ 
tion 


where  ie  the  frecture  strength  in  bending,  K  e  conetent, 
the  volume  of  the  gege  section,  m  the  meteriel  flew  conetent,  end 
1^  e  conetent  depending  on  the  veluo  of  m.  From  Eq.  1-24  it  cen 
be  seen  thet  the  strengths  of  the  flexurel  semples  ere  e  function  of 
the  volurne  of  the  semples. 

This  principel  cen  be  used  to  compere  the  retio  of  frecture  strength 
of  the  different  sised  semples  since,  by  Eq.  1-25 


(1-26) 


where  dj^  end  d‘^2  meen  strengths  of  two  groups  of  semples 

heving  volumes  of  end  V^2  '  meteriel  flew  con- 

stent. 
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If  the  value  of  the  material  function  m  ie  known,  along  with  the 
equations  for  the  risk  of  :.apture  for  a  particular  stress  state,  and 
<r^  «  0,  the  Weibull  theory  can  also  be  used  for  predicting  the  strength 
In  one  stress  state  from  the  known  strength  value  corresponding  to  an¬ 
other  stress  system.  Equation  1-24  provides  the  relation  for  the  risk 
of  rupture  in  bending  of  a  rectangular  beam  and  solving  Eq.  1-20  for 
the  case  of  pure  tension,  the  equation  for  the  risk  of  rupture  pertaining 
to  the  latter  system  becomes 


B 


t 

t 


m 


(1-27) 


At  identical  fracture  probabilities  in  bending  and  tension  (b|^  >  b|), 
the  ratio  of  the  ultimate  strength  in  bending  to  that  of  tension,  using 
Eq.  1-20  and  Eq.  1-27,  is  given  by 


(2m  +  2)  V, 


■v: 


1/m 


(1-28) 


5.  EXPERIMENTAL  WORK  AND  DISCUSSION 


A.  Test  Conditions  and  Data 


The  following  factors  have  been  investigated  for  possible  effects 
on  the  fracture  strength  of  the  ceramic  materials; 

(a)  Prior  Thsrmal  History 

(1)  As  received 

(2)  Annealed  at  HOO^C 

(b)  Specimen  Finish 

(1)  As  fired 

(2)  Fine  ground  surface 
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(c)  Test  Temparaturii 

U)  ZO^C  (room  temperature) 

(2)  lOOO^C 

(d)  Atmoephere 

( 1 )  Room  air 

(2)  Saturated  air  or  eteam 

(3)  Dry  argon 

(e)  Specimen  Siae  (Dogbone  ehape) 

(1)  Small  (1/S  X  3/16  x  1/2-in,  gage  section) 
gage  volume  •  0.0117  ini* 

(2)  Medium  (1/4  x  1/4  x  3/4-in.  gage  section) 
gage  volume  ■  0,  046^  in.  ^ 

(3)  Large  (5/16  x  5/16  x  1-in.  gage  section) 
gage  volume  >  0.  0977  in.  ^ 

Initially,  five  epecimens  were  to  be  tested  for  all  combinations 
of  factors  in  each  category.  However,  as  data  were  collected  this 
number  wae  found  to  be  too  email  to  define  accurately  the  Weibull 
material  parametere.  The  room  temperature  data  for  the  Wesgo 
AL995  is  listed  in  Table  1-11.  The  intermediate  volume  specimens 
yrere  used  for  the  analysis  of  the  Weibull  parameter  to  determine 
flaw  constants  and  siae  effects. 

A  statistical  approach  was  used  to  analyse  and  group  the  data. 
An  analysis  of  variance  was  made  for  the  effect  of  atmoephere  for 
the  medium  volume  specimens  at  room  temperatures  this  showed 
that  for  the  ae- received  material  environmental  atmosphere  had  no 
significant  effect  at  room  temperature  range  investigated;  however, 
for  specimens  with  a  ground  surface  environment  turned  out  to  bo  a 
significant  factor.  A  test  for  sise  effects  indicated  that  volume  dif¬ 
ferences  had  a  significant  effect  on  breaking  strength  at  the  99  per- 
cenj  level.  It  should  be  noted  that  etatisticiane  usually  taka  the 
95  percent  level  of  significance  as  the  criterion  for  dividing  the 
same  mean  population.  The  data  analysed  were  either  well  above 
or  below  this  dividing  line. 
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A  study  of  th«  offoct  of  surfaco  troatmont  on  tho  fracturo  atrangth 
of  tha  ialormadlata  aiaa  apacimana  rsvaaled  that  annealing  and  aurfaca 
grinding  Influenced  the  observed  raaults  separately  and  in  combination 
The  Influence  of  surface  treatment  upon  fracture  strength,  ranked  in 
the  order  of  the  most  to  the  least  significant  affect,  is  as  folioers:  (a) 
unground  annsalad,  (b)  ground  annealed,  (c)  unground  unannealed, 
and  (d)  ground  unannealed. 

A  similar  analysis  was  used  to  compare  rupture  data  as  functions 
of  atmosphere,  specimen  treatment,  and  siae  at  lOOO^C.  Sine  was 
significant  at  tha  99  percent  confidence  level  while  the  other  factors 
were  not.  The  values  for  each  siae  and  temperature  were  combined 
and  analysed;  both  ware  important,  the  former  at  the  99  percent  level 
and  the  latter  at  the  99.  i  percent  level. 

A  series  of  tests  (Table  1-lY)  were  made  using  Wesgo  material 
which  was  ground  to  oae*half  ths  thickness  of  the  specimens  listed 
in  Tables  1-11  and  l-lll.  Specimens  identified  "as-received"  in 
Table  1-lV  were  symmetrically  ground  on  both  side  faces  to  one -half 
of  their  original  thickness;  however,  their  bottom  eurface  (the  locus 
of  fracture  origination),  wae  left  in  the  original  condition.  Specimens 
identified  "ground"  had  a  thin  layer  removed  on  the  top  and  bottom 
eurfacee  ae  well,  to  yield  the  eame  reduced  volume.  The  principal 
pukpoee  of  this  part  of  the  work  was  to  eliminate  possible  changes 
ascribable  from  the  etudy  of  siss  effects.  Because  of  time  limita¬ 
tions  no  effort  was  made  to  carry  out  a  complete  analysis  of  the  re¬ 
sults  obtained;  however,  the  data  are  presented  here  and  the  analysis 
will  be  performed  as  part  of  a  futurs  program. 

The  data  for  both  Lucalox  and  MgO  specimens  are  listed  in 
Table  1-V.  Time  limitations  confined  the  effort  to  the  determina¬ 
tion  of  tha  WeibuU  parameters  for  the  intarmadlata  volua»a  speci¬ 
mens  at  room  temperature  under  ambient  conditions. 
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FLEXURE  STRENGTH  OF  WESGO  AL995  SPECIMENS  AT  IOOO”C 
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Th«  rcaults  of  anMallng  Lucalox  ihow  an  xntoreating  incraaso 
in  strength  but  the  eample  eise  is  not  large  enough  to  permit  firm 
conclueions  to  be  drawn  at  this  time.  The  results  of  room  tempera¬ 
ture  as-received  Wesgo  AL995  tension  tests  are  shown  in  Table  1-Vl. 


Table  1-VI 

20°C  TENSION  DATA;  WESGO  AL995  SPECIMENS 


(Air  Environment) 


Gage  Volume 
(in.^ 

No.  of 

Tests 

Average 
Tensile 
Strength, 
(10-5  psi) 

■■  —  '  ■■■  ' 

Standard 

Deviation, 

(10"*  psi) 

Coefficient 
of  Error, 
(percent ) 

5 

24.4 

3.7 

5 

27.0 

3.6 

13.3 

5 

19.  1 

2.7 

14.2 

B.  Data  Analysis  and  Discussion  ^ 

Figures  1-13  to  1-16  present  distribution  plots  of  the  intermedi- 
ate  siae  flexure  specimens  tested  at  room  teni;^nrr¥ture  for  as  received, 
as  received  and  annealed,  ground,  and  ground  and  annealed  conditions. 
The  as -received  plot  is  normal  in  appearance  while  the  others  ars 
skewed  toward  the  lower  strengths  and,  in  general,  indicate  a  narrower 
distribution  range.  The  distribution  curve  for  specimens  of  the  same 
sise  tested  at  lOOO^C  is  shown  in  Fig.  1-17.  This  curve  was  obtained 
by  combining  the  data  of  unground  specimens  for  the  different  atmos¬ 
pheres  and  annealed  samples.  This  combining  of  high  temperature 
data  was  admissible  because  previous  statistical  analysis  indicated 
that  these  variables  had  no  effect  on  the  fracture  stress  of  specimens 
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Fig.  1-14 

DISTRIBUTION  CURVED  OF  FRACTURE 
STRENGTHS  OF  AS- RECEIVED  AND 
annealed  WESGO  AL995  AT  20”C 


Fig.  1-16 

DISTRIBUTION  CURVE  OF  FRACTURE 
STRENGTHS  OF  GROUND  AND  ANNEALED 
WESGO  AL995  AT  2!0°C. 


+  N 


O', 

rig.  1-17  DISTRIBUTION  CURVE  or  FRACTURE  STRENGTHS  or 
WESGO  ALUMINA  AT  1000*  C 
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of  th«  •am*  ■is*.  This  plot  is  displaced  somewhat  toward  the 
higher  stresses. 

The  distribution  curvss  for  the  intermediate  sise  Lucalox 
and  MgO  flexure  specimens  ars  shown  in  Fig.  1>18  and  1-19.  While 
a  smooth  regular  curve  has  been  fitted  to  the  Lucalox  data,  the 
points  appear  to  show  a  more  complicated  distribution.  The  plot 
as  shown  is  skewed  toward  the  higher  strengths.  The  MgO  appears 
to  havo  a  normal  distribution  curve.  It  may  be  mentioned  that 
skewed  distribution  curves  are  more  typical  of  the  materials  under 
investigation  than  the  normal  distribution. 

The  logarithmic  distribution  curves  of  fracture  stresses  are 
shown  in  Fig.  l-ZO  to  1-23.  Thsse  curves  are  plotted  first  on  basis 
of  the  assumption  that  9^  >  0,  as  explained  by  the  definition  of  the 
methodology  in  Section  lllA.  As  can  be  seen,  the  plots  for  the  un¬ 
annealed  Wesgo  nnaterial  (both  as-received  and  ground)  shown  in 
Fig.  1-20  and  1-21  are  concave  downward,  indicating  that  ^  0 
for  these  conditions.  TKe  annealsd  Wesgo  AL995  specimens,  both 
unground  and  ground,  on  the  other  hand,  result  in  straight  lines, 
as  seen  in  Fig.  1-22  and  1-23.  For  these  conditions,  therefore, 
is  truly  equal  to  sero. 

For  the  "as-received'  Wesgo  AL99 5  tested  at  lOOO^C,  as  well 
as  for  the  Lucalox  and  MgO  tested  at  room  temperature,  once  again 
downward  concave  plots  result  (Fig.  1-24,  1-25  and  1-26).  Hence, 
for  these  materials,  o^  again  assumes  a  finite  rather  than  a  vanish¬ 
ing  value. 

To  deternUne  the  correct  value  of  o^  for  cases  where  initial 
plots  baaed  on  the  ■  0  assumption  yielded  concave  downward 
curves,  the  iterative  trial  and  error  method  described  in  Section  IIIA 
was  employed.  This  was  continued  until  a  straight  line  resulted, 
with  the  manner  of  plotting  employing  the  coordinate  values  shown 
before. 

The  replotted  curves  corresponding  to  Fig.  1-20,  1-21,  1-25 
and  1-26  are  presented  in  Fig.  1-27,  l-2t,  1-29  and  1-30,  respectively, 
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'  Fig.  1-20  i 

GRAPHICAL  DETERMINATION  OF  WEIBULL 
CONSTANTS  FOR  AS-RECEIVED  WESGO 
AL')95  WITH  SEPARATE  TREATMENT  FOR 
SURFACE  AND  VOLUME  EFFECTS. 

Flexural  Specimens  at  20°C. 


FiK.  1-21 

GIIAFHICAL  DETERMINATION  OF 
WEIBULL  CONSTANTS  FOR  GROUND 
WESGOAL995  -AT  20“C 


4.  3  4.4  4.5  log  <r 

Fig.  1-22 

GRAPHICAL  DETERMINATION  OF  WEIBULL 
CONSTANT  FOR  AS-RECEIVED  AND  ANNEALED 
WESGO  AL995  AT  20  C 
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- U  Fig.  '1-25  - 

GRAPHICAL  DETERMINATION  OF 
WEIBULL  CONSTANTS  FOR  LUCALOX 
FLEXURAL  SPECIMENS  AT  20^C 
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3,7  3.8  3.9  4.0  4.1  4.2  4.3  log  <r 


Fig.  1-29  GRAPHICAL  DETERMINATION  OF  COMPOSITE 
WEIBULL  PARAMETERS  FOR  AS-RECEIVED 
LUCALOX  FLEXURAL  SPECIMENS  AT  20'^C 
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Fig,  1-30  GRAPHICAL  DETERMINATION  OF 

COMPOSITE  WEinULL  PARAMETERS 
FOR  ARF  MgO  FLEXURAL  SPECIMENS 
AT  20*C 


for  "as>r«eeived"  and  ground  Wesgo  AL995,  Lucalox  and  MgO 
taited  at  lOOO^C  (Fig.  1-24)  which  alto  showed  a  sero- strength 
value  different  from  sero,  have  not  yet  been  fully  analyzed  as  yet. 

The  cumulative  results  excerpted  from  these  graphs  (Fig.  1-22 
1-23,  1-27,  1-28,  1-29  and  1-30)  are  summarized  in  Table  1-VU. 
Examination  of  this  table,  and  the  curves  upon  which  it  is  based, 
indicates  that  both  of  the  Weibull  constants  are  highly  dependent 
upon  the  surface  condition  and  heat  treatment  of  the  material. 

Specifically,  it  can  be  seen  from  values  listed  for  the  Wesgo  mater¬ 
ial  in  Table  I-Vll,  that  tthe  Weibull  "constants"  are  not  constants  at 
all,  but  fluctuate  highly  Nrith  the  thermal  and  mechanical  history  of 
the  specimen. 

Both  grinding  and  annealing  change  the  values  of  the  Weibull 
constants.  While  annealing  may  affect  both  surface  distributed 
flaws  or  volumetrically  dispersed  sources  of  crack  nucleation, 
grinding  can  affect  only  the  former.  This  proves  that  the  fracture 
of  Wesgo  specimens  is,  beyond  any  doubt,  a  surface  induced  phen¬ 
omenon.  This  raises  another  complication,  notably  that  the  frac¬ 
ture  probabilities  and  Weibull  constants  were  all  evaluated  here  on 
premise  of  a  volumetrically  distributed  flaw  density,  as  indicated 
by  the  derivation  entailed  in  equations  1-1  to  1-9.  Although  this 
mathematical  treatment  is  far  more  rigorous  than  that  commonly 
employed  in  the  literature,  in  the  sense  that  no  attempt  was  made 
here  to  envoke  the  simplifying  assumption*  of  »  0,  the  fact  is 
that  the  entire  analysis  of  data  should  have  been  based  on  a  surface 
distributed  flaw  density  theory,  rather  than  a  volumetric  one.  Such 
a  derivation,  unavailable  in  the  literature,  is  now  in  progress,  and 
the  data  will  be  reexamined  on  basis  of  this  theory,  which  will  in  all 
likelihood  entail  changes  in  the  values  of  the  Weibull  constants  shown 
here. 

^The  literature,  in  fact,  contains  no  treatment  of  the  fracture  data  by  the 
Weibull  theory  when  i  0.  In  this  regard  the  derivations  and  method 
of  plotting  presented  here  are  original  contributions. 
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Beyond  this  remark,  it  is  interesting  to  note  that  grinding 
definitely  weakens  the  material.  This  can  be  seen  by  the  fact  that 
remains  unchanged  while  m  increases  for  the  ground  specimens, 
which  indicates  that  the  strength  of  the  as- received  specimen  is 
somewhat  larger  for  any  failure  probability  value  other  than  aero 
(at  S  ?  0,  the  strengths  are  equal  at  (T^). 

Annealing,  however,  induced  significant  reductions  in  strength, 
as  shown  by  the  fact  that  m  acquires  even  higher  values  while  the 
value  of  drops  to  xero.  The  former  effect  is  anticipated  in  a 
sense,  since  increasing  m  values  Indicate  a  greater  uniformity  of 
flaw  distribution.  However,  the  "flaw  healing  effect"  frequently 
associated  with  annealing  treatments  is  totally  absent;  the  annealed 
specimens  are  weaker  at  all  fracture  probability  levels  than  their 
unannealed  counterparts.  While  no  firm  proof  can  be  cited  at  this 
time,  it  is  hypothesised  that  this  effect  is  attributable  to  the  destruc¬ 
tion  of  a  beneficial  residual  stress  distribution  (compressed  skin 
layer  existing  in  the  "as-received"  specimens)  during  annealing. 

Somewhat  similar  results  were  obtained  previously  by  Anthony 
(1-51 

and  Mistretta'^  'who,  working  with  ATJ  graphite,  found  "m"  values 
of  7.  5,  7.  3,  14.  5  and  7.  S  at  temperatures  of  70°;  2000°F,  ZSOOV 
and  2750°F,  respectively.  While  they  did  not  attempt  to  evaluate 
the  influence  of  surface  flaw  density  distributions  and  volumetric 
effects  separately,  their  findings  of  a  nearly  two-fold  variation  of 
m  over  the  comparatively  narrow  temperature  range  of  2000-2750°F 
is  remarkable,  and  parallels  in  a  measure. jpme  of  the  results  re¬ 
ported  here.  This  either  means  that  statistical  flaw  density  para¬ 
meters  cannot  be  regarded  as  a  true  material  constant  or  that  some 
new  mechanism  enters  to  affect  the  fracture  probability  at  different 
temperatures,  rendering  (in  the  referenced  case)  the  distribution 
of  critical  flaws  far  more  uniform  in  graphite  at  the  particular  tem¬ 
perature  of  2500°F. 
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It  thould  be  noted  that  the  values  for  the  Wesgo  AL995 
show  the  same  sero  strength,  10,  000  psi,  regardless  of  surface 
treatment,  Future  work  in  this  area  will  be  done  to  clarify  the 
significance  of  this  finding. 

Combining  the  20^C  Wesgo  data  into  individual  size  groups, 
and  using  the  average  value  of  m  =  11  (representative  of  the  an¬ 
nealed  materials  listed  in  Table  I^VII)  along  with  0*^  =  0,  predic¬ 
tions  were  made  for  fracture  strength.  The  average  strength  of 
the  intermediate  volume  specimen  (27,  460  psi)  was  used  as  the 
base  and  the  strength  of  the  small  and  large  specimens  were  pre¬ 
dicted.  The  predicted  strength  for  the  small  volume  specimens  is 
31,  000  psi,  as  compared  with  the  actual  average  strength  of  31,  400 
pel.  The  predicted  strength  for  the  large  specimens  is  25,  700  psi 
and  the  actual  value  is  25,  890  psi.  As  can  be  seen,  predicted 
values  are  in  excellent  agreement  with  experimental  results. 
Similarly  satisfactory  results  were  obtained  in  tests  performed 
at  lOQO^C  for  the  large  specimens;  here,  18,  900  psi  was  predicted 
and  18,  700  psi  obtained  in  actual  experiments;  the  correlation, 
however,  is  less  favorable  for  the  small  specimens,  a  predicted 
value  of  23,  000  psi  corresponding  to  20, 100  psi  obtained  in  actual 
experiments. 


6.  CONCLUSIONS 

The  purpose  of  this  Task  of  the  overall  program  dealing  with 
fundamental  studies  of  the  fracture  of  brittle  inorganic  materials 
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to  develop  aa  much  understanding  as  possible  regarding  the  statistical 
nature  of  failure  strengths  of  Al20^  and  MgO,  the  two  ceramic  mater¬ 
ials  selected  for  use  throughout  the  program. 

To  make  specimens  adaptable  to  a  variety  of  loading  conditions, 
a  detailed  study  was  undertaken  on  the  stress  concentration  effects, 
frictional  disturbances  and  failure  modes  of  a  number  of  possible  con¬ 
figurations.  As  a  result  of  these  studies,  various  dogbone- shaped 
specimens  were  evolved  as  standard  specimens,  which  were  also 
utilized  in  investigations  conducted  on  companion  Tanks. 

A  review  of  the  Weibull  theory  of  statistical  failure  was  under¬ 
taken,  and  formulations  were  established  applicable  to  the  conditions 
of  the  experimental  work  carried  out  on  the  program. 

Detailed  experimental  studies  were  conducted  on  one  material, 
a  commercial  grade  high-density  AI2OJ  supplied  by  Wesgo,  with  the 
principal  purpose  of  determining  the  material  constants  |m,  the  flaw 
density  parameter;  and  9*^,  the  zero  strength)  and  the  volume  effects 
entailed  in  the  Weibull  statistical  theory.  These  parameters  were  de¬ 
termined  as  influenced  by  the  variation  of  five  factors,  including  (a) 
prior  thermal  history,  {b)  specimen  finish,  (c)  test  temperature, 

(d)  environmental  atmosphere,  and  (e)  speckoen  size,  Preliminary 
work  has  also  been  carried  on  Lucalox  and  multicrystalline  MgO,  and 
initial  results  pertaining  to  these  materials  are  also  reported.  Data 
obtained  were  analyzed  by  statistical  methods  to  determine  the  signi¬ 
ficance  of  various  effects  investigated.  The  principal  conclusions  can 
be  summarized  as  follows: 

(a)  Environmental  effects  for  Wesgo  AL995  at  room  temper¬ 
ature  are  significant  only  for  specimens  having  a  ground 
surface;  as-received  specimens  are  not  significant  affec¬ 
ted  by  environmental  conditions.  At  1000*^C,  all  environ¬ 
mental  effects  tend  to  vanish,  in  confirmation  of  results 
obtained  by  Charles  on  Task  9. 
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(b)  Specimen  volume  hae  a  significant  effect  on  fracture 
strength  at  the  99  percent  confidence  level;  however,  the 
■  ise  effect  observed  is  not  explained  adequately  by  the 
simple  Weibull  distribution  function, 

(c)  Meaningful  comparicons  at  this  time  can  be  made  only  for 
the  behavior  of  the  Wesgo  AL995  tested  at  room  tempera¬ 
ture.  This  shows  that  fracture  in  this  ceramic  is  definitely 
a  surface  induced  phenomenon,  indicating  that  all  investiga¬ 
tions  based  upon  the  volumetrically  distributed  Weibull  flaw 
criteria  are  in  error.  This  probably  covers  virtually  all 
technical  papers  presented  in  the  literature  on  this  subject. 

(d)  The  previous  comment  is  based  upon  results  obtained  with 
"as-received"  and  ground  specimens.  Grinding  lowers  the 
strength  of  Al20j  for  all  fracture  probabilities  other  than 
aero,  through  an  increase  of  the  flaw  density  constant  m. 

This  implies  a  greater  density  and  uniformity  of  flaws  at 
the  surface,  which  is  a  natural  consequence  of  the  grinding 
operation.,  Grinding,  however,  leaves  the  value  of  the  aero 
strength  unaffected  at  10,  000  psi  for  Wesgo  This 

finding  is  not  fully  understood,  and  is  thought  to  be  coinci¬ 
dental  at  this  time. 

(e)  Annealing  induces  a  drastic  weakening  of  the  Wesgo  mater¬ 
ial,  accompanied  by  a  drop  in  the  value  of  (T  to  aero.  Thus, 
annealing  cannot  be  said  to  have  any  beneficial  "flaw  healing 
effects"  for  the  caae  investigated.  It  is  assumed  that  the 
severe  weakening  effect  of  annealing  is  ascribable  to  the  des¬ 
truction  of  a  beneficial  residual  stress  distribution,  whose 
compressive  skin-layer  effect  imparts  added  strength  to  the 
unannealed  specimens. 

(f)  Preliminary  results  indicate  that  similar  conditions  will  be 
found  to  be  operative  in  Wesgo  alumina  tested  at  lOOO’^C; 
however,  data  in  hand  at  this  time  are  too  few  to  permit 
firm  conclusions. 
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As  general  observationw,  il  may  be  noted  that  the  primary 
factors  influencing  the  fracture  of  the  Wesgo  AL995  are  the  speci¬ 
men  si»e,  testing  temperature,  surface  treatment  and  prior  thermal 
history  of  the  material;  secondary  factors  are  represented  by  tke 
moisture  content  of  the  environment  and  the  duration  of  exposure. 
Preliminary  results  obtained  with  Lucalox  and  MgO  appear  to  show 
similar  trends  for  these  materials,  but  data  available  at  this  time 
are  insufficient  to  permit  firm  conclusions  to  be  established.  Such 
data  including  information  on  Wesgo  AL995  tested  at  lOOQOC,  are  ex¬ 
pected  to  be  gathered  during  the  continuation  phase  of  this  Task  of  the 
overall  program. 
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TASK  2  -  EFFECT  OF  STRAIN  RATE 

Principal  Investigator;  H,  R.  Nelson 

Armour  Research  Foun''iatior) 


ABSTRACT 


The  goal  of  this  task  was  to  invesi'gate  the  effect  of  strain 
rate  upon  the  fracture  strength  of  ceramic  materials.  Since  direct 
methods  of  recording  high  strain  rates  on  the  specimen  proper  were  be¬ 
yond  the  state  of  the  art  for  the  brittle  materials  used  in  this  research, 
extensive  studies  were  undertaken  to  develop  suitable  fixtures,  specimen 
preparation  techniques  and  recording  methods. 


Recording  techniques  were  developed,  suitable  for  strain 
rates  up  to  10^  sec"^  and  the  problem  of  specimen  loading  for  bending 
has  been  resolved.  The  manner  of  gripping  the  specimens  in  tension  is 


still  under  review.  Special  equipment  was  developed  for  low  strain  rates 
in  the  10'^  sec*^  to  10'^  scc'^  range  and  an  intermediate  rate  device  was 
constructed  for  use  up  to  10^  sec'M  equipment  has  also  been  designed  to 


conduct  experiments  at  higher  strain  rates. 
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TASK  2  -  effect  OF  STRAIN  RATS 


1.  INTRODUCTION 

The  project  effort  on  the  effect  of  strain  rate  on  the  fracture 
strength  of  brittle  materials  had  four  objectives: 

(a)  Design  and  development!  of  tensile  and  transverse  bend  tost 
equipment  which  would  develop  strain  rates  of  lC-5,  lO"^, 

10"^,  10*,  and  10^  sec"^, 

(;b)  Development  of  a  measuring  and  recording  system  for  the 
determination  of  nominal  stress-nominal  strain  behavior  of 
brittle  materials  strained  at  the  above  rates. 

(c)  Development  of  elevated  temperature  facilities  which  would 
neither  interfere  with  strain  measurement  nor  place  any 
hindrances  on  the  use  of  special  test  equipment  developed. 

(d)  Determination  of  the  tensile  and  bend  behavior  of  polycrys¬ 
talline  AI2O3  and  MgO,  at  the  strain  rates  specified. 

,  (  I  ,  •  1 

The  problems  encountered  in  achieving  objectives  (a),  (b)  and  (c) 
could  be  solved  by  relatively  straightforward,  though  complex,  means. 

The  problems  encountered  in  meeting  objective  (d)  proved  far  more  diffi¬ 
cult  of  solution.  Collection  of  reliable,  reproducible  test  data  from 
specimens  known  to  have  an  ultimate  tensile  strain  of  less  than  0. 1  per 
cent  demanded  an  accura'by  of  axial  strain  distribution  that  far  exceeded 
the  present  state-of-the-art.  Therefore,  activities  in  connection  with 
objective  (d)  became  largely  concerned  with  the  prerequisite  to  its  attain¬ 
ment,  -  an  improvement  in  the  state-of-the-art  of  mechanical  testing. 

The  following  sections  described  the  techniques  used,  and  the  progress 
made,  in  attaining  these  objectives. 

2.  DEVELOPMENT  OF  EQUIPMENT  TO  PRODUCE  DESIRED  STRAIN 
RATES 

A .  Low  Strain  Rate  Machine 

A  standard  Riehle  universal  testing  machine,  equipped  with  a  Thy- 
ratwon  speed  control,  was  used  as  the  basic  equipment  for  this  part  of  the 
program.  This  machine  originally  possessed  two  crosshead  speed  ranges, 
0.2-2.  0,  and  1.0  -  10  in.  /min  respectively.  Insertion  of  a  transmission 
train  with  interchangeable  pulleys  and  a  400:1  gear  reducer  made  it  possible 
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to  achievo  crosshead  speeds  in  the  desired  10"5  to  10“^  in. /sec  range. 
Care  was  taken  to  select  gi‘.i,r  and  pulley  ratios  which  would  permit 
attainment  o£  a  specific  crosshead  speed  when  the  motor  drive  pulley 
was  rotating  at  no  less  than  10%  of  its  rated  rpm.  This  assured  re¬ 
producibility  of  Thyratron  control  action.  The  various  pulley  and  gear 
reducer  combinations  used  for  given  speed  ranges  are  shown  in  Table  2-1. 

The  ability  of  the  machine  crosshead  screws  to  transmit  a  uniform 
crosshead  motion  at  the  slowest  speed,  4. 18  x  10"^  in.  /sec  was  checked 
on  a  4-in.  wide  steel  tensile  bar.  This  calibration  specimen  showed  a 
uniform  strain  rate  over  a  period  of  four  minutes,  twice  the  time  of  the 
longest  planned  test  when  using  brittle  specimens. 

Table  2-1 

PULLEY  AND  SPEED  REDUCER  COMBINATIONS 
FOR  GIVEN  SPEED  RANGES 


Motor-Drive  Pulley 
Ratio 

400:1  Speed 
Reducer 

Low  Speed  Range, 

( in. /sec ) 

High  Speed  Range 
(in. /sec) 

2;1 

no 

3.  33  X  10-3 

1.67  X  10-2 

3.  33  X  10-2 

1.67  X  10-1 

4:1 

no 

1.67  X  10-3 

8.  35  X  10-2 

1.67  X  10-2 

8.  35  X  lO-l 

2:1 

yes 

8. 58  X  10-< 

4. 18  X  10-5 

8. 58  X  10-3 

4. 18  X  10-4 

4:1 

yes 

4. 18  X  10-6 

2.09  X  10-4 

4. 18  X  10-5 

2.09  X  10-3 

A  4-range  electric  tachometer  for  measuring  and  indicating  the 
tensile  machine  drive  motor  speeds  was  installed,  and  calibration  curves 
were  prepared,  enabling  strain  rates  to  be  read  directly  from  the  tacho¬ 
meter  meter. 
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® Strain  Rato  Loadina  Pevice 

The  machine  de«ifi[ned  and  constructed  for  this  purpose  is  shown 
in  Fif;.  2-i.  The  unit  consists  of  a  steel  tube,  a  compression  spring,  an 
end  adapter,  and  a  sear  arrangement  for  triggering  the  unit  to  release  the 
C'"mpressed  spring.  Loading  velocities  could  be  varied  as  a  function  of 
the  amount  of  spring  preload.  Figure  2-2  shows  the  arrangement  for 
specimen  and  end  grips  and  adapters  used  in  the  tube  of  the  spring  load¬ 
ing  fixture.  Figure  2-3  shows  the  spring  loaded  fixture  mounted  in  the 
testing  machine. 

Determinations  of  average  ram  velocity  by  measurement  of  the 
anvil  traverse  time  over  a  fixed  distance  showed  that  values  of  up  to 
380  in,  /sec  could  be  achieved.  Assuming  constant  acceleration  of  the 
extended  spring,  a  maximum  striking  velocity  of  approximately  760  in.  /sec 
could  be  obtained. 

C.  High  Strain  Rate  Loading  Device 

A  strain  rate  loading,  device  capable  of  loading  specimens  at 
1000  in.  /sec  was  designed,  A  schematic  diagram  of  the  device  is  shown 
in  Fig.  5-4.  Angular  velocity  of  the  steel  flywheel  is  controlled  by  a  d-c 
variable  speed  motor.  The  specimen  is  mounted  in  the  machine  betwe-?n 
an  upper  and  lower  platen,  both  of  which  are  rigidly  affixed  to  the  machine 
base.  For  the  tension  loading  shown,  the  specimen  is  suspended  from  the 
upper  platen  through  a  water-cooled  load  cell  link  connected  to  a  double 
pin-and-clevis  specimen  grip.  At  the  lower  end  of  the  specimen,  the  same 
typo  double  pin-and-clevis  is  used  for  connection  to  a  water-cooled  loading 
bolt.  The  entire  assembly  is  then  freely  suspended.  The  loading  bolt  and 
load  applicator  cage  move  vertically  in  line-bored  holes  to  prevent  mis¬ 
alignment. 

Specimen  loading  is  accomplished  by  rapid  transfer  of  energy  from 
a  high  mass  rotating  flywheel  to  the  specimen  through  a  quick  acting  wrapped 
wire  spring  brake.  The  diameter  of  the  wrapped  spring  is  smalleS'  than  the 
flywheel  diameter,  and  is  held  open  in  a  cocked  position  by  a  sear.  When 
the  desired  speed  is  reached,  the  sear  is  released,  and  the  wrapped  spring 
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Fig.  2-3  INSTALLATION  OF  SPRING  LOADED  DEVICE  IN  TESTING  MACHINE 
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Fig.  2-5  CLOSE-UP  VIEW  OF  SPECIMEN  BEND  FIXTURE 


-  103  - 


coUap.st’8  on  tlu*  pevipht-ry  of  the  wheel.  The  cotlapaed  rpring  then 
8taft«  to  rotate  with  the  flywheel,  and  transmits  its  motion  through  a 
link  to  the  Io.hI  applicator  cage.  The  load  applicator  cage  is  restrained 
from  movement  when  the  brake  is  first  energised  by  a  detent,  to  assure 
that  no  movement  occurs  until  the  spring  brake  has  been  fully  engaged  by 
the  flywheel.  A  2-in.  separation  is  maintained  between  the  brake  and 
the  loading  bolt  of  the  test  assembly,  to  permit  the  loading  cage  velocity 
to  approach  wheel  velocity  before  impacting  the  specimen, 

Construction  of  this  equipment  was  deferred  when  it  was  established 
both  by  experiments  (with  the  medium  strain  rate  machine)  and  calculation 
that  tensile  loading  rates  in  excess  of  385  in.  /sec  would  generate  a  stress 
wave  which  would  fracture  the  specimen  outside  the  gage  length,  None¬ 
theless,  such  a  device  would  be  most  useful  on  high-speed  deformation 
studies  of  more  ductile  materials. 

3.  DEVEt-OFMET^T  OF  TRANSVERSE  BEND  TEST  EQUIFMENT 

Photoelastic  studic's  hud  Indicatc-d  that  uniform  specimen  bending 
could  b(>  |)roduced  by  4-point  loading.  The  loud  connection  was  ostabUsbed 
by  drilling  4  holes  through  the  H'p<‘cirnen,  and  placing  pins  in  the  holes, 
Outer  holes  were  connected  to  the  upper  crosshead  of  a  tensile  machine, 
inner  holes  to  the  lower  crosshead.  Gimbals  were  used  between  each 
pin,  and  the  appropriate  crosshead  to  compensate  for  the  possible  lack  of 
parallelism  of  loading  holes  in  the  specimen. 

This  system,  although  suitable  for  metals,  did  not  develop  uniform 
bending  in  the  ceramic  specimens.  Therefore,  a  high-precision  bend  test 
unit  had  to  be  constructed;  the  severe  difficulties  encountered  in  this  task 
focussed  particular  attention,  in  turn,  on  the  problems  associated  with 
achieving  uniaxial  tensile  loading. 

The  reasons  for  lack  of  uniform  bending  in  test  specimens  were 
found  to  lie  In  the  limit  of  machining  accuracy,  and  in  the  ability  of  giinbal 
sets  to  compensate  for  machining  deviations.  The  highest  degree  of 
accuracy  presently  attainable  for  the  hole  centerline,  is  a  tolerance  of 
+0.0001  in,  from  true  perpendicular  to  the  specimen  surface,  at  a  speci¬ 
men  thickness  of  0.  E50  in.  If  the  axis  is  hori7.ontally  inclined,  the  gimbal 
will  compensate  for  the  misalignment;  however,  if  the  hole  is  vertically 
inclined,  the  gimbal 
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ia  uselens.  If  th<*  vertical  d<*viation  of  two  adjacent  holes  is  in  opposite 
direction,  a  0.0004-in.  twisting  strain  will  be  superimposed  on  the  bend¬ 
ing  strain.  At  a  failure  strain  of  less  than  0.001  in.  in  bending,  the 
twisting  strain  becomes  at  least  40  per  cent  of  the  bending  strain,  and 
the  test  loses  all  validity.  Unfortunately,  photoelastic  strain  determi¬ 
nations  were  not  sufficiently  sensitive  to  detect  this  difficulty. 

When  these  difficulties  became  fully  appreciated,  a  special  fixture 
was  designed  and  constructed  which  placed  the  specimen  in  bending  with¬ 
out  the  need  for  any  holes.  Figures  Z-5  and  2-6  show  details  of  the 
operating  parts  and  its  method  of  mounting  on  the  tensile  machine.  The 
posts  supporting  the  roller  pedestals  are  machined  to  jfO.OOOl  in.  for  use 
as  load  cell  members.  High-sensitivity  semi-conductor  strain  gages 
(not  shown)  were  mounted  on  the  right  hand  post.  This  member  has  a 
compressive  load  applied  to  its  centerline  at  all  times,  due  to  anchoring 
of  the  right  hand  roller  assembly.  The  left  hand  roller  assembly  is  left 
free  to  move  laterally,  in  order  to  prevent  buildup  of  any  axial  stresses 
in  the  specimen  subjected  to  the  bending  load.  Linear  bearing  races  were 
used  to  minimize  friction  between  the  upper  head  of  bend  tester  and  align¬ 
ment  posts.  Loading  posts,  attached  to  the  upper  section  of  the  fixture, 
and  all  rollers,  were  machined  to  a  tolerance  of  +0,0001  in. 

The  rugged  construction  of  this  fixture  (250-lb  approximate  weight), 
permits  its  use  with  fast  loading  devices. 

4.  DESIGN  OF  THE  MEASURING  AND  RECORDING  SYSTEM 

Since  experiment  and  calculation  had  shown  that  tensile  strain  rates 
in  excess  of  approximately  SOv^in.  /sec  would  cause  specimen  fracture  out¬ 
side  the  gage  length  due  to  stress  wave  propagation,  it  Was  decided  to  hold 
the  maximum  strain  rate  to  approximately  200  sec'^.  This,  in  turn,  fixed 
the  minimum  total  test  time  at  10~^  sec  for  a  strain  of  0.  001  in,  /in.  The 
recording  system  would  then  have  to  possess  a  full-scale  deflection  time, 
or  rise  time,  of  5  x  10~7  sec  in  order  to  assure  its  ability  to  follow  varia¬ 
tions  in  the  stress-strain  curve  during  loading.  Strain  resolution  limit 
was  fixed  at  5  x  10*^  in.,  to  provide  a  resolution  of  0.  5  per  cent  of  estimated 
strain,  using  specim.ens  possessing  a  gage  length  of  1  in. 
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selection  of  an  appropriate  load  cell  was  relatively  simple.  A 
5000-lb  strain  gage  load  cell  of  +0.  25  per  cent  accuracy,  with  suitable 
dynamic  response  characteristics,  and  adequate  for  use  with  the  strong¬ 
est  material,  was  selected  as  a  stress  transducer. 

A  detailed  review  was  made  of  the  advisability  of  using  either  in¬ 
direct  or  direct  strain  measurement.  Indirect  methods  measure  strain 
indur'ed  in  some  portion  of  the  tensile  grip,  using  an  extrapolation  function 
to  determine  the  state  of  strain  in  the  specimen  proper.  This  process 
has  the  advantage  of  utilising  non-expendable  strain  transducers  which, 
moreover,  would  not  require  attachment  to  the  specimen,  disturbing 
thereby  the  local  strain  distribution.  This  disadvantage  of  this  mfthod 
lies  in  the  difficulty  of  an  accurate  determination  for  the  correct  extrapo¬ 
lation  function,  Since  the  latter  depends  both  upon  temperature  and  strain 
rate,  direct  and  indirect  strain  measurements  would  have  had  to  be  obtained 
over  the  entire  temperature  and  strain  rate  range  of  the  tests.  Because  of 
the  inherent  uncertainties  involved  in  this  approach,  indirect  measurements 
were  eliminated  from  further  review,  and  only  direct  strain  measurements 
were  considered. 

A  search  of  the  literature  concerning  the  state-of-the-art  of  direct 
measurement  devices  disclosed  only  two  applicable  techniques,  notably 
optical  gages  or  strain  gages. 

Strain  gages  have  a  high  degree  of  strain  resolution;  their  disadvan¬ 
tages  lie  in  the  economics  of  their  use,  and  their  lack  of  reliability  at  ele¬ 
vated  temperatures.  Cages  for  operation  at  1B00*F  cost  between  $15  and 
$20  each,  compared  with  room  temperature  gages  at  $2  to  $3  each;  at  least 
one  gage  must  be  mounted  on  every  specimen  tested.  The  cost  of  labor  ex¬ 
pended  in  mounting  the  gages  is  also  considerable.  Furthermore,  problems 
concerned  with  a  drift  in  the  value  of  gage  factors  and  creep  in  cements  have 
been  encountered  at  temperatures  in  excess  of  1000*F,  ruling  out  the  use  of 
these  devices  for  static  tests,  and  posing  some  difficulties  in  strain  gage 
bridge  calibration  even  for  dynamic  tests. 

Although  the  disadvantages  to  the  use  of  strain  gages  were  not  pro¬ 
hibitive,  they  appeared  sufficiently  great  to  make  evaluation  of  optical  strain 
measurement  devices  worthwhile. 
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(or  tho  gain  on  thf  oscilloBCope  amplifier)  until  a  given  beam  deflection 
was  noted.  Errors  resulting  from  creep  of  gage  cement  were  minimized 
by  running  the  test  as  soon  as  possible  after  zero  and  calibration  adjust¬ 
ments  were  made. 

5.  DESIGN  AND  CONSTRUCTION  OF  A  SUITABLE  FURNACE  FOR  TEN¬ 
SILE  AND  BEND  TEST  APPLICATION 

The  design  of  the  transverse  bend  and  tensile  test  fixture  made  it 
mandatory  that  the  furnace  heat  only  the  reduced  section  of  the  tost  speci-i, 
men.  Consequently,  a  small  furnace  was  designed  and  constructed  for 
use  in  both  tensile  and  bend  test  activity.  A  schematic  diagram  of  this 
furnace  is  shown  in  Fig.  2-7. 

Total  furnace  length  is  1  in. ;  the  zone  of  uniform  temperature  is 
substantially  in  excess  of  the  I /4-in.  specimen  gage  length.  Continuous 
operating  temperature  of  the  furnace  is  1850*F.  Number  10  Nichrome 
wire  was  used  for  the  heating  element  to  assure  long  element  life.  Oper¬ 
ating  current  is  approximately  45  amps,  for  a  6-8  volt  input. 

The  furnace  is  designed  to  be  slipped  over  the  test  specimen  prior 
to  insertion  in  the  grips  and  is  then  supported  by  an  appropriate  bracket 
attached  to  the  testing  fixture. 

To  test  the  suitabiI.ity«of  the  furnace,  the  gage  section  of  an 
specimen,  mounted  in  tensile  grips  with  lead  shims,  was  heated  to  1800*F 
and  held  at  temperature  for  3  hours.  The  lead  shims  did  not  soften  or  melt 
during  this  time. 

6.  LOADING  SYSTEMS  FOR  UNIAXIAL  OR  PURE  BENDING  STRAINS  IN 
BRITTLE  MATERIALS 

A.  Uniaxial  Loading 

Photoelastic  studies  of  several  tensile  specimens  and  grip  designs 
of  differing  geometric  configuration,  undertaken  during  the  first  six  months 
of  the  project,  indicated  that  a  shoulder-type  specimen  and  grip  would 
possess  an  adequate  uniaxial  loading  characteristic  when  loaded  in  tension. 
This  design  was  also  favored  because  the  type  of  tensile  specimen  (dogbonc) 
could  be  easily  and  relatively  economically  produced  by  the  ceramic  manu¬ 
facturers.  A  drawing  of  this  specimen  is  shown  in  Fig.  2-8.  Succeeding 
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Fig.  2-6  VIEW  OF  SPECIMEN  BEND  FDCTURE  MOUNTED  IN 

TESTING  MACHINE 
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Fig.  2-7  SCHEMATIC  OF  ELEVATED  TEMPERATURE  FURNACE 
FOR  TEST  SECTION  OF  DOGBONE  SPECIMEN 
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tennilo  tegti,  utilising  this  spociinen  shape  for  ce  ramic  matariala,  showed 
that  the  plastic  birefringent  materials  used  in  the  initial  photoelfatic  test 
had  not  been  sufficiently  sensitive  to  indicate  the  deficiencies  of  this  design. 
Occasional  bending  strains  amounting  to  50  to  60  per  cent  of  the  tensile 
component  were  determined  to  be  present  in  ceramic  specimens  subjected 
to  "pure  tension".  Use  of  self-aligning  gimbals  between  specimen  grips 
and  tensile  machine  crosshead  did  little  to  reduce  this  high  bending  strain. 

First  efforts  to  reduce  bending  were  concerned  with  improvements 
in  the  self-aligning  test  grip  gimbals,  and  a  reduction  in  grip  and  specimen 
tolerances.  Variations  were  explored  on  two  basic  types  of  gimbals;  a 
double  clevis-double  pin  type,  and  a  ball  swivel  type.  The  latter  proved 
to  bo  superior  after  many  trials.  An  additional  improvement  was  effected 
by  attaching  a  low-frequency  vibrator  to  the  tensile  machine  while  the  teat 
was  in  progress.  Test  specimens  were  ground  to  the  dimensions  shown 
in  Fig.  2-8,  in  an  effort  to  reduce  possibilities  of  unsymmctrical  loading. 
Although  these  measures  were  helpful,  the  bending  component  occasionally 
still  approached  30  per  cent,  without  any  demonstrated  test  reproducibility. 
Attention  was  next  centered  on  grip  design. 

Further  investigation  revealed  that  the  remaining  eccentricity  was 
due  to  the  inability  to  control  the  position  of  the  shoulder  contact  surfaces 
between  grip  and  specimen.  The  radius  of  curvature  of  such  surfaces 
could  neither  be  machined  nor  gaged  to  the  accuracy  demanded  for  uniform 
reproducible  area  contact.  As  a  result,  the  amount  and  position  of  the 
contact  surface  between  specimen  and  grip  became  a  random  function, 
causing  the  loading  axis  to  be  transposed  or  angularly  misaligned  by  vary¬ 
ing  amounts  with  respect  to  the  specimen  centerline,  resulting  in  a  random 
bending  component  with  a  maximum  value  of  about  one-third  of  the  tensile 
strain. 

The  problem  of  accurate  alignment  of  specimen  and  grip  was  approached 
by  use  of  oversize  grips,  a  standard  specimen,  a  "potting"  material,  and  a  jig 
to  maintain  specimen- grip  alignment  while  the  potting  material  set.  The 
alignment  Jig  and  oversize  grips  were  machined  to  a  tolerance  of  -10.0005  in. 
Photographs  of  the  precision  tensile  specimen  and  gage,  and  the  precision 
tensile  specimen  cemented  in  tensile  grips  are  shown  in  Fig.  2-9  and  2-10. 

The  grip  cavities  were  milled  from  a  solid  block  of  steel  in  an  effort  to  make 
them  as  rigid  as  possible. 
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Procedure: 

1.  a  -  a  Grind  flat  and  parallel. 
Z,  b  a  -  a  0.  250  in. 

3.  Grind  0.  250  dim.  c 

4.  Grind  d  to  clean  up 


Fig.  2-8  CERAMIC  TEST  SPECIMEN 
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Fit.  2-9  PRECISION  TENSILE  SPECIMEN 

AND  GAGE 


Fig.  2-10  PRECISION  TENSILE  SPECIMEN 
CEMENTED  IN  TENSILE  GRIPS 


-  113  - 


Putting  matorialB  were  acrt'i‘n<*d  according  to  thfir  ability  to  fulfill 
the  following  requirements: 

(a)  High  yield  strength; 

(b)  Zero  or  positive  linear  expansion  coefficient  on  cooling,  to 
assure  filling  of  space  between  grip  and  specimen;  and, 

(c)  Relatively  low  melting  temperature  to  avoid  thermal  shock  to 
specimen,  or  softening  of  steel  grip.  To  satisfy  this  require¬ 
ment,  an  arbitrary  limit  of  1000*F  was  placed  on  the  melting 
point  of  the  potting  material. 

Two  materials  appeared  to  satisfy  those  three  requirements:  an 
epoxy  resin  and  a  low  melting  point  alloy.  Although  little  mechanical 
property  information  was  available  on  the  epoxy  resin,  it  was  known  that 
its  ultimate  tensile  strength  was  in  the  neighborhood  of  8,  000  psi,  and  that 
it  possessed  a  positive  expansion  coefficient.  The  alloy,  "cerro-matrix", 
possessed  an  ultimate  tensile  strength  of  15,  000,  a  total  elongation  of  only 
Z  per  cent  (indicating  the  yield  strength  to  be  near  the  ultimate  strength), 
and  a  positive  expansion  coefficient  on  cooling.  Melting  range  was  315  to 
360T. 

In  tests  both  materials  showed  considerable  yielding  at  loads  over 
400  lb.  The  epoxy  material  cracked  loudly,  exhibited  discontinuous  yield¬ 
ing,  and  did  not  reduce  the  amount  of  bending  component.  The  metal  alloy, 
in  two  tests,  reduced  the  bending  component  to  5  per  cent  and  3  per  cent 
respectively.  However,  the  results  were  not  reproducible.  Bending  ran 
as  high  as  35  per  cent  in  subsequent  tests. 

Examination  of  the  potting  metal  surfaces  from  several  specimens 
after  specimen  testing  disclosed  that  yielding  of  the  metal  had  taken  place 
over  a  relatively  small  section  of  its  contact  surface,  whose  location  shifted 
from  test  to  test.  Therefore,  a  random  contact  process  was  still  occurring, 
due  to  the  rigidity  of  the  grip  which  afforded  no  possibility  for  any  stress  re¬ 
lief  of  the  potting  material. 

Consequently,  another  type  of  grip  was  machined  from  aluminum,  in 
the  general  shape  of  a  horseshoe.  For  absence  of  a  cross-tie,  the  horsC’^ 
shoe  ends  were  free  to  open  slightly  as  a  tensile  pull  was  exerted  on  the 
specimen.  Tne  grip  was  machined  oversize,  and  lead  shims  were  used  to 
fill  in  the  space  between  specimen  and  grip.  After  some  experimenting,  a 
shim  of  approximately  3/32-in.  thickness  was  found  to  be  most  effective. 
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Tensile  tests  using  this  grip  nhowed  that  a.  35  to  50  per  cent  bend¬ 
ing  component  existed  when  a  100-lb  tensile  load  was  placed  on  the  speci¬ 
men.  However,  the  relative  bending  strain  steadily  decreased  >intil,  at 
a  1000-lb  load,  the  bending  strain  decreased  to  15  per  cent  ot  the  tensile 
strain;  the  opening  between  the  grip  horseshoe  ends  increased  by  0.015-in. 
under  this  load.  The  test  was  not  carried  past  this  point  to  avoid  a  possi¬ 
bility  of  premature  specimen  fracture. 

Ac  the  next  step,  the  thickness  of  the  horseshoe  was  reduced  in 
steps  to  determine  optimmm  thickness  for  reduction  of  bending  component 
at  a  minimum  tensile  load,  while  preserving  adequate  strength  in  the  grips 
for  higher  loads.  Unfortunately,  no  significant  improvement  was  obtained 
by  this  effort.  Moreover,  test  results  were  not  reproducible.  Turning 
the  same  specimen  upside  down,  or  front-to-back,  would  change  the  bend 
component  reduction  characteristic  of  the  grip. 

This  effect  suggested  two  remedial  possibilities.  The  first  was 
an  increase  in  the  self-alignment  properties  of  the  tensile  grip-specimen 
combination;  the  second,  an  improvement  in  the  dimensional  tolerance  of 
the  specimens  used  in  the  teat,  An  improvement  was  attempted  in  self¬ 
aligning  properties  first.  This  was  accomplished  by  using  several  layers 
of  lead  shim  stock  between  the  specimen  and  the  grip.  Experimentation 
showed  that  best  improvement  in  uniaxial  loading  characteristic  was  se¬ 
cured  by  the  use  of  3  lead  shims  0.008-in.  thick. 

Tensile  test  results  showed  marked  improvement  in  uniaxial  load¬ 
ing  characteristics  in  some  cases,  no  improvement  in  others.  Maximum 
bending  component  in  some  tests,  with  loads  of  up  to  1200  lb,  was  10  per 
cent,  ranging  from  a  10-p  in.  bending  strain  at  a  200-lb  load  to  a  35- p  in. 
strain  at  1200  lb.  In  other  tests,  inaximum  bending  components  ran  as 
high  as  42  per  cent.  In  addition,  the  deformation  and  slippage  rate  of  the 
lead  shims  did  not  vary  linearly  with  load,  resulting  in  a  variable  strain 
rate  even  when  crosshead  velocity  remained  constant.  However,  the  use 
of  lead  shims  was  not  immediately  abandoned  because  of  the  demonstrated 
potential  of  this  system  in  reducing  bending  strain  components  to  acceptable 
levels. 
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Initead,  attention  w.\»  turned  to  the  posaibillty  oi  uniaxial  load 
improvement  through  the  use  of  teit  specimen!  machined  to  a  closer 
tolerance  than  thoae  previously  used.  The  maximum  tolerance  was  re¬ 
duced  by  a  factor  of  5,  from  +0.  0025  to  +0.  0005  in.  The  dimensions  of 
the  low-tolerance  specimens  produced  are  shown  in  Fig,  2-8.  This  re¬ 
duction  in  tolerance  represented  a  20-fold  increase  in  accuracy  in  the 
sections  on  which  a  tolerance  could  he  measured,  but  did  not  necessarily 
improve  the  accuracy  of  the  shoulder  radii;  no  gaging  techniques  are 
known  to  exist  which  can  accurately  determine  deviations  of  curvature 
at  all  points  on  the  arc. 

Comparison  of  static  and  dynamic  test  results  obtained  from  the 
testing  of  high-precision  specimens  with  those  obtained  from  the  testing 
of  the  lower  precision  specimens  showed  that  the  bending  component  mini¬ 
ma  and  maxima  were  reduced  from  10  per  cent  to  3  per  cent,  and  from 
42  per  cent  to  19  per  cent,  respectively,  when  the  higher  precision  speci¬ 
mens  were  used.  However,  successive  static  tests  run  on  the  same  high- 
precision  specimen  did  not  yield  the  same  bending  component.  Direction 
of  bending  did  not  change  if  specimens  were  rotated  180*  on  successive 
static  or  dynamic  tests.  High-precision  specimens  loaded  to  fracture 
broke  adjacent  to  the  end  of  the  gage  length  in  an  area  in  which  shoulder 
grinding  marks  running  in  one  direction  intersected  gage  section  grinding 
marks  which  ran  in  another  direction.  Ultimate  tensile  strength  of  these 
pieces  was  low,  approximately  12,000  psi. 

Although  this  activity  did  not  produce  the  desired  results,  four 
conclusions  could  be  drawn  from  this  data: 

(a)  An  improvement  in  uniaxial  loading  characteristic  is  effected 
if  specimens  are  ground  with  a  high  degree  of  precision. 

(b)  Surface  finish  may  have  an  important  effect  on  tensile  strength. 

(c)  The  lead  shim  is  not  effective  in  reducing  the  bending  component 
with  Increasing  load.  This  component,  in  terms  of  per  cent  of 
tensile  strain,  remains  constant. 

(d)  The  amount  of  bending  component  appears  to  be  determined  by 
the  chance  mating  of  the  lead  shim  and  the  specimen,  when  the 
specimen  is  inserted  in  the  grip.  This  is  shown  by  the  varia¬ 
tion  in  bending  component  from  test  to  test  on  the  same  speci¬ 
men. 
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B.  Bond  Tot  Activity 

The  bend  fixture  described  in  Section  3  forestalls  the  development 
of  any  axial  loads  In  the  specimen,  but  the  prevention  of  twisting  strains 
is  a  more  difficult  problem.  Although  the  rugged  construction  of  the  bend 
test  fixture  frame  prevents  its  twisting  under  the  applied  load,  all  four  load 
transmitting  posts  must  contact  the  load  rollers  (cf.  Fig.  2-5)  at  the  .same 
time  to  avoid  twisting  the  specimen.  Load  cell  posts,  load  rollers,  and 
load  transmitting  posts  are  all  ground  to  a  tolerance  of +0.  0001  in.  Never¬ 
theless,  it  is  possible  for  a  cumulative  tolerance  error  to  cause  the  load 
transmitting  posts  to  be  in  contact  with  some  rollers  before  others.  Fur¬ 
thermore,  the  bearing-guide  pin  tolerance  can  also  effect  a  roller  contact 
height  change. 

Tests,  using  both  standard  and  high-precision  test  specimens,  have 
shown  that  the  fixture  was  exerting  a  twisting  strain  of  the  specimen,  while 
bending  it,  'the  difficulty  was  found  to  be  due  to  unequal  roller  contact 
height.  Three  rollers  were  contacted  by  the  load  transmitting  posts  at 
virtually  the  same  height;  the  fourth  was  not.  Distance  between  the  fourth 
load  transmission  post  and  its  roller  was  between  0.0002  and  0,0005  in. 
Since  the  "late**  roller  contact  was  on  the  right  side,  this  deviation  caused 
a  bending  of  the  load  cell  post,  with  a  resultant  loss  of  load  measurement 
accuracy.  (This  post  has  a  l-lb  sensitivity,  and  a  repeatability  of  +1  lb. 
However,  load  must  be  compressive  if  signal  output  is  to  be  linear.) 

Procedures  are  being  investigated  for  adjustment  of  the  height  of  the 
load  transmitting  posts,  using  elimination  of  twist  strain  as  the  criterion  of 
proper  adjustment. 

7.  CONCLUSIONS 

The  problems  associated  with  the  design  and  development  of  high 
loading  rate  equipment  for  tensile  and  bend  testing  of  brittle  materials,  high 
and  low  speed  data  recording,  and  elevated  temperature  testing  could  be 
solved  by  utilisation  of  procedures  which  did  not  extend  beyond  the  state  of 
the  specific  art  employed.  As  examples,  required  machining  tolerances, 
response  time  and  signal  sensitivity  of  the  electronic  equipment  used,  and 
furnace  temperatures  were  all  readily  attainable,  and  did  not  require  any 
research  to  extend  performance  ranges.  These  project  objectives  were 
attained  during  the  program  period. 
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However,  dt-mande  of  tensile  testing,!  of  brittle  materials  greatly 
exceeded  the  present  capability  of  the  art.  Since  the  manner  of  gather¬ 
ing  strain  data  was  to  use  a  strain  gage  on  only  one  specimen  face,  pro¬ 
curement  of  meaningful  tensile  test  data  demanded  that  the  bending  strain 
be  held  to  less  than  5  per  cent  of  the  tensile  strain,  Since  the  ductility 
of  the  specimens  tests  in  no  case  exceeded  0,001  in,  *^,  this  meant  that 
maximum  bending  strain  could  not  exceed  50  p  in.  Conventional  machin¬ 
ing  tolerances  are  about  2000  p  in, ,  40  times  the  maximum  bending  strain 
tolerated. 

Although  improvements  in  uniaxial  loading  characteristics  were 
secured  by  holding  machining  find  grinding  toloranci’S  to  extremely  tight 
specifications,  it  became  apparent  that  the  techniques  being  used  were 
too  coarse  to  develop  the  required  loading  accuracy, 

A  similar  situation  existed  with  bend  test  data.  However,  there 
were  two  alleviating  conditions,  which  did  not  exist  in  the  tensile  test  ac¬ 
tivity.  First,  the  specimen  could  be  gripped  in  an  area  where  its  dimen¬ 
sions  were  accurately  known  and,  second,  the  bend  test  fixture  was,  in 
reality,  a  separate  machine  specifically  designed  for  the  testing  of  brittle 
materials.  Care  was  taken  to  avoid  development  of  unwanted  specimen 
stresses  by  design  and  precision  machining  practice. 

The  improvement  in  the  existent  state  of  the  art  of  meaningful  and 
reproducible  tensile  tasting  on  brittle  materials  appears  to  require  more 
than  improved  equipment  design;  it  would  be  necessary  to  have  built-in 
means  of  sensitive  adjustment,  and  optical  gages  of  50  p  in,  sensitivity  so 
placed  as  to  determine  results  secured  by  adjustment.  The  use  of  a  speci¬ 
men  possessing  extremely  close  tolerances  and  axial  symmetry  would 
greatly  assist  in  reducing  adjustment  complexity. 

Bend  test  problems  appear  nearer  of  solution  with  the  equipment 
on  hand.  Use  of  optical  gages  and  adjustable -height  load  transmission 
posts  in  conjunction  with  an  improved  tensile  machine  supplying  a  down¬ 
ward  thrust  free  of  horisontal  components  should  develop  the  necessary 
precision  required  for  accurate  bend  testing  of  brittle  materials. 
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TASK  3  -  EFFECT  OF  NQN-UNIFQ&M  STRESS  FIELDS 


Principal  lnv(‘ttigator«:  I.  M.  Daniela  and  Ni  A.  Weil 

Armour  Research  P'oundation 


ABSTRACT 

The  purpose  of  this  program  is  to  investigate  the  effect  of  non- 
uniform  stress  fields  upon  the  fracture  characteristics  >f  brittle  materials, 
the  principal  aim  being  to  determine  whether  the  stress  gradient  existing 
at  the  location  of  fracture  initiation  has  an  independent  effect  upon  the  frac¬ 
ture  strength. 

To  study  this  parameter,  specimens  were  evolved  whose  effec¬ 
tive  size  ranged  over  three  decades  with  a  stress  gradient  variation  from 
0  to  12.  SeTp/in.  (or  =  peak  stress).  A  special  shape,  the  *'theta"-speci- 
men,  v/as  creveloped^which  generates  uniform  tension  at  the  locus  of  frac¬ 
ture  initiation,  and  is  comparatively  insensitive  to  the  manner  of  load 
alignment. 


Formulations,  based  upon  existing  theories  of  failure  were  de¬ 
rived  for  uniform  tension  and  pure  bending,  and  experiments  were  carried 
out  on  three  "sample"  brittle  materials;  Columbia  resin  (CR-39),  plexi- 
glas  and  graphite.  In  addition,  work  with  multicrystalline  AI2O3  has  been 
begun. 


Correlations  were  developed  for  the  effect  of  stress  gradient 
and  the  volume  of  high  stress  upqq  fracture  strengt)!,  and  good  comparisons 
were  obtained  for  CR-39  and  graphite.  Graphite,  when  analyzed  according 
to  existing  statistical  theories,  appears  to  exhibit  a  "Weibull-anisotropy", 
which  may  Indicate  that  its  surface  and  interior  fracture  probabilities  are 
governed  by  different  criteria. 


TASK  3  -  EFFECT  OF  NON-UNIFORM  STRESS  FIELDS 

1.  INTRODUCTION 

The  principal  characteristic  of  brittle  material!  which  cauaea  con¬ 
ventional  method!  of  working  atrosaea  to  be  inadequate  ie  that  their  atrength 
ia  atatiatically  diatributed  over  a  comparatively  wide  range,  Because  of 
thia,  it  ia  insufficient  to  deal  with  the  mean  strength  of  the  objects,  and  it 
becomes  necesaary  to  deterrnin<t  the  variability  of  strength  as  a  function  of 
material  and  environmental  parameters. 

Statistical  theories  dealing  with  this  subject  allow  for  an  adequate 
prediction  of  the  failure  probabilities  of  simple  shapes  of  brittle  materials, 
and  take  full  account  of  the  volume  effect  as  well  as  the  nature  of  the  stress 
distribution  to  which  the  body  is  subjected.  These  predictions  were  reason¬ 
ably  well  confirmed  by  experiments.  However,  in  existing  theories  (statis¬ 
tical  or  deterministic)  the  stress  gradient  in  the  vicinity  of  the  governing 
stress  's  not  assumed  to  have  an  independent  effect  upon  fracture  strength, 
nor  have  any  experiments  been  carried  out  to  investigate  this  point,  The 
purpose  of  this  Task,  accordingly,  is  to  determine  the  effect  of  non-uniform 
stress  fields  upon  the  fracture  characteristics  of  brittle  materials,  and  to 
examine  whether  the  stress  gradient  existing  at  the  point  of  crack  initiation 
has  an  independent  influence  upon  the  fracture  strength  of  the  material. 

Such  studies  are  to  be  carried  out  both  experimentally  and  theoretically. 

In  the  simplest  case  the  non-uniformity  of  a  stress  field  can  be  de¬ 
scribed  by  a  single  parameter,  the  stress  gradf,ant.  A  major  part  of  the 
effort  was  devoted  to  selection  and  evaluation  of  specimen  designs  giving 
known  and  controllable  stress  gradients.  A  wide  range  of  stress  gradients 
was  covered  by  tensile,  pure  bending,  ring  and  theta-shaped  specimens.  A 
large  variation  in  effective  size  or  volume  under  high  stress  accompanied 
the  variation  in  stress  gradient.  For  this  reason,  the  volume  under  high 
stress  was  studied  as  an  additional  parameter  influencing  fracture.  Corre¬ 
lations  of  experimental  data  obtained  with  existing  statistical  theories  of 
failure  were  made  for  tensile  and  pure  bending  specimens  only.  The  appli¬ 
cation  of  such  theories  to  the  more  complicated  stress  distributions  of  the 
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i^ing  Bpecimena  !■  vary  Invulved  mathamatically,  and  not  attempt«>d  in 
view  of  the  time  limitation«  of  thn  program. 

Since  moit  of  the  work  reported  herein  is  of  an  exploratory  nature, 
dealing  with  the  selection  and  evaluation  of  specimen  designs  and  establish¬ 
ment  of  experimental  procedures,  initial  experiments  were  conducted  with 
readily  available  and  relatively  inexpensive  brittle  materials,  such  as  (a) 
Columbia  Resin  (CR-39)i  an  amorphous  polymeric  brittle  material  with  very 
good  birefringent  properties,  (b)  Plexiglas,  an  amorphous  brittle  polymer 
with  some  birefringent  properties  and  good  machinability  and  (c)  Graphite 
with  the  properties  of  brittleness  and  fairly  good  machinability.  Work  on 
ceramics,  such  as  polycrystalline  AI2O3  and  MgO  was  initiated  but  did  not 
progress  to  the  point  where  significant  results  could  be  reported. 

Correlations  were  made  between  failure  stress  and  each  of  the  two 
parameters  mentioned  above,  i.e.,  stress  gradient  and  volume  at  high 
stress,  treating  each  one  in  turn  as  the  only  significant  parameter.  This, 
of  course,  is  true  only  when  all  parameters  except  the  one  in  question  are 
kept  constant.  In  the  present  case  no  effort  was  made  to  segregate  the 
effects  of  stress  gradient  from  that  qf^‘ffcctive  size.  A  good  correlation 
(especially  for  CR-39  and  graphite)  between  failure  stress  and  effective  size 
was  obtained  by  arbitrarily  defining  the  effective  size  as  the  volume  of  the 
specimen  subjected  to  at  least  9S  per  cent  of  its  maximum  tensile  stress. 

2.  STATISTICAL  THEORY  OF  BRITTLE  FRACTURE 

The  fracture  of  completely  brittle  materials  was  first  examined  in 
detail  by  Griffith(3- 1)  who,  using  the  theoretical  results  of  Inglis,  predicted 
that  the  growth  of  a  crack  will  become  possible  when 

V . 

<r  =  (2^E/rc)‘^^ 

where  ^  is  the  surface  energy,  E  is  the  modulus  of  elasticity  of  the  mater¬ 
ial,  c  the  depth  of  the  existing  surface  crack,  and  ^  the  intensity  of  the 
applied  (uniaxial)  stress  field.  Griffith's  theory  is  based  on  the  balance  be¬ 
tween  the  energy  liberated  from  the  stress  field  and  that  absorbed  in  creating 
new  surfaces;  it  also  assumes  that  the  crack  is  infinitely  sharp  and  that  its 
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propagation  into  the  homogenaoua  material  ahead  of  it  it  obtained  by  the 
parting  of  atomic  bonde  at  the  tip  of  the  penetrating  c*ack.  Many  qufitions 
arise  in  connection  with  this  representation  of  fracture  stress;  as  an  exam* 
pie,  the  influence  of  the  surface  energy  term  upon  fracture  criteria  is  being 
investigated  in  detail  on  Task  6  of  this  program. 

Of  interest  here  is  the  fact  that,  according  to  Griffith,  fracture  will 
be  Initiated  in  a  material  containing  &  pre-existing  flaw  c,  provided  that 
the  applied  stress  exceeds  O’  =  Kc’1/2,  where  K  is  simply  a  proportion¬ 
ality  coristant  taking  all  other  physical  parameters  into  account.  Moreover, 
the  crack  will  continue  to  propagate  unless  the  stress  intensity  drops  below 
the  value  postulated  above  at  the  existing  (increased)  depth  of  the  running  flaw. 

This  simple  picture  of  fracture  in  brittle  materials  would  be  adequate, 
provided  one  could  determine  the  most  eignificant  ’’flaw"  (dislocation  pile-up, 
microscopic  or  macroscopic  cracks,  "metallurgical  notches",  lack  of  grain 
boundary  fusion,  surface  attack  by  corrosive  media)  existing  in  the  material. 
This,  of  course,  cannot  be  done.  Instead,  one  must  approach  the  problem 
in  an  inverse  sense.  By  a  determination  of  the  fracture  strength,  one  can 
obtain  an  indication  of  the  magnitude  of  governing  flaw  that  existed  in  the 
structure. 

Such  an  approach  will  disclose  that  the  strength  of  apparently  Identi¬ 
cal  specimens  la  highly  variable,  because  of  the  different  magnitude  of  sig¬ 
nificant  flaws  contained  in  them.  Moreover,  the  strength  will  clearly  be  a 
function  of  siee:  the  larger  the  specimen,  the  greater  the  probability  that 
a  severe  flaw  will  be  contained  in  it, 

The  problem  must  therefore  be  attacked  on  a  statistical  basis,  assign¬ 
ing  a  given  probability  of  failure  to  a  specified  stress  level.  Theories  based 
on  this  concept  postulate  that  each  material  contains  a  random  distribution  of 
flaws,  whoso  severity  varies  from  specimen  to  specimen;  fracture  will  be 
occasioned  by  the  most  severe  flaw  the  piece  happens  to  contain.  '  To  allow 
for  analytical  formulation,  the  specimen  is  visualised  ai  being  composed  of 
individual  infinitesimal  volumes  (or  "links"),  each  of  which  carries  a  certain 
failure  probability  corresponding  to  the  stress  level  to  which  it  is  subjected. 
When  the  first  such  link  is  ruptured,  the  shole  specimen  fails;  hence  these 
approaches  are  designated  as  the  "weakest-link"  theories  of  fracture. 
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Several  formulationg  of  the  w«akegt-Unk  theory  of  fracture  have 
been  |>ropoeedO"2(  3-3)^  but  the  moet  widely  accepted  ie  that  of  Wcibull^ 
who  ie  credited  with  the  euggeation  of  a  epecial  elementery  distribution  func¬ 
tion  of  wide  applic«bility( Epstein^^"^)  reviewed  the  technical  literature 
and  formulated  the  problem  of  fracture  in  terme  of  fundamental  mathematical 
statistics.  This  paper  emphasised  that  the  problem  of  fracture  is  that  of  the 
distribution  of  smallest  values  in  samples  of  a  given  sise  (or  a  given  number 
of  flaws).  The  application  of  the  general  theory  to  a  specific  problem  is  a 
matter  of  selecting  the  most  suitable  distribution  function. 

In  general,  the  occurrence  of  a  phenomenon  is  characterized  by  an 
underlying  or  "unit''  probability  density  function  f(x)  of  the  variable  x. 

The  cumulative  distribution  function 


F(x) 


(3-1) 


expresses  the  probability  that  the  event  will  occur  at  a  value  of  the  variable 
less  than  or  equal  to  x.  Then,  the  probability  density  function  in  samples 
of  size  n  is 


gjj(x)  =  nf(x) 


and  the  associated  cumulative  distribution  function  is 


(3-2) 


Gn(x) 


g^(x)dx  =  1  - 


(3-3) 


The  mode  of  gn(x)  represents  the  most  probable  value  of  x  in  samples  of 
size  n;  this  also  corresponds  to  the  value  x^  at  which  the  function  gn(x) 
attains  a  maximum.  By  solving  for  g/|(x)  e  0  from  Eq.  3-2, 


f^(x*)(n-l)=  p'(x*)j  ^1-F(xj;)j  . 


(3-4) 


Knowledge  of  the  "unit"  probability  density  function,  f(x),  enables  one  to  cal 
dilate  the  mode  and  all  other  measures  of  the  distribution. 
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The  I'orm  o£  the  Wcibull  distribution  function  is  based  on  the  assump¬ 
tion  that  ths  probability  of  fracture  of  an  infinitesimal  element  subjected  to  a 
known  stress  is  proportional  to  the  volume,  so  that 

»  0(r)dV  (3-5) 

where,  Sj^  is  the  probability  of  fracture  in  infinitesimal  element  dV  for  a 
value  of  the  variable  less  than  or  equal  to  0  {9),  the  function  associated 
with  the  material,  and  9^  is  the  function  of  stress  components  at  a  point  used 
as  a  criterion  of  failure.  (For  a  specimen  under  uniform  tensile  stress  3^, 
y  =  <r  ). 

The  probability  of  no-fracturu  (survival)  of  a  specimen  composed  of  n 
volume  elements  dV  with  respective  probabilities  of  fracture  Sj,  S^,  .... 


1  -  s «  rr 

i  =  1 


(3-6) 


then. 


n  n 

log(l.S)  »  e:  logd-S.)  ?  -  ^  S. 

I = 1  iTl 


and,  if  the  stress  does  not  exceed  7  in  any  elemental  volume 


log  ( 


1-S)  =  -  f  0(»)dV 


(3-7) 


from  which 


S  =  I  -  exp 


[/ 


0  (9)  dV 


=  1  -  e 


-B 


(3-8) 


where  B  is  termed  the  "risk  of  rupture". 
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The  requirements  on  0  are  that  it  be  a  positive  and  monotoni- 
cally  nondecreasing  (unction.  The  simplest  form  o(  such  a  functi«^n  (or 
the  case  of  a  specimen  under  unUorm  tensile  stress  is  the  (oUowing  one 
suggested  by  Welbull: 


where  0‘^,  and  m  are  constants  associated  with  the  material.  In 

statistical  terminology,  the  Weibull  (unction  gives  the  cumulative  distribu¬ 
tion  (unction  (or  a  unit  volume 


r(x)  «  1  -  e  \  / 


(3-10) 


and  the  '*unit*'  probability  density  (unction,  by  Eq.  3-1,  will  be  given  by 


f(x) 


d  F(x) 


(3-U) 


The  probability  o(  rupture  o(  a  tensile  specimen  o(  volume  V,  by  sim¬ 
ple  integration  o(  Eq.  3-8,  is 


(3-12) 

which  becomes  zero  when  no  matter  how  large  the  volume  V.  How¬ 

ever,  as  Kiesi^''^)  observed,  the  probability  o(  (racture  does  not  reach  unity 
until  becomes  infinite.  In  Kies'  modidcation, 


(3-13) 


where  is  an  exponent  di((ercnt  from  WeibuU's  m,  and  is  an  upper 
limiting  stress  of  the  material. 
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WeibuU'i  I'lcmentary  1‘unctioii  has  the  advantage  of  yielding  cLoHcd- 
form  HolutlonH  for  the  moan  failure  atross  and  atandard  deviation  for  cer¬ 
tain  simple  cases  of  non-uniform  stress  distribution.  It  has  found  experi¬ 
mental  corroboration  especially  in  materials  where  the  failure  stress  is 
much  smaller  than  the  theoretical  strength.  As  far  as  can  be  determined, 
Kies'  function  has  not  been  applied  to  the  solution  of  problems  involving 
non-uniform  stress  fields. 


For  a  simple  WeibuU  distribution,  the  mean  value  is  given  by 


(3-14) 


where 


B  = 


(9)  dV 


and  the  variance  by 


d(&^) 


2 

m 


(3-15) 


For  a  specimen  of  volume 


V 


under  uniform  tensile  stress  O', 


or 


m 


(3-16) 


The  gamma  function  if  defined  as  p  (y)  = 
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Tht‘  variance  ia  given  by 


V-I:  .  r'  <1+^^ 


and  the  mode  determined  by  Eq.  3-4  i« 


'mode 


<r^  +  oj,  V'm  (1  -^) 


1/m 


(3-17) 


(3-18) 


Theac  lormulaa  suggest  an  analytical  method  of  determining  the  parameters 
of  the  WeibuU  distribution  from  tensile  tests  of  one  siae  of  specimen  only. 

If  one  dete^rmines  experimentally  the  ratio 


r  1  1 

r(i  .  (1  .  _L) 

L;  '  m'  '  .m'  J  , 

the  corresponding  value  of  m  can  be  found,  since  the  right-hand  side  of 
Eq,  3-19  is  a  function  of  parameter  m  only,  even  for  4  0,  Then,  <Tq 
can  be  calculated  from  Eq.  3-17,  and  finally  cr^  ia  determined  using  either 
Eq.  3-16  or  3-18.  In  the  special  case  When  9*^  s  o,  one  can  determine  m 
by  taking  the  coefficient  of  variation  or  relative  variance 


T - T" 


(3-20) 


A.  Multlaxlal  Stresses 

In  the  theory  of  brittle  fracture,  it  is  assumed  that  only  tensile  normal 
stresses  contribute  to  failure.  A  tensile  normal  stress,  whether  arising  from 
a  uniaxial  or  a  polyaxial  stress  field,  is  not  only  a  point  function,  but  is  also 
associated  with  a  direction.  Therefore,  to  determine  the  correct  risk  of 
rupture,  according  to  WeibuU(^"^),  the  contributions  of  all  normal  tensile 
stresses  at  a  point  must  be  taken  into  consideration.  The  risk  of  rupture 
B  can  be  determined  as  follows; 

If  <r  =  V'ix,  y,  z,  0,  0)  is  the  normal  stress  at  a  given  point  (x,  y,  z) 
along  a  direction  defii^ed  by  the  angles  0  and  0 
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(3-21) 


0(^) 


=  I 


0(<r),  dfi 


whert'  0  ia  the  spatial  angle  of  the  tensile  stress  <T ,  As  before 
B  =  (<r)  dV 


The  validity  of  this  treatment  for  multiaxial  stresses  has  been  evaluated 
only  in  a  fev,'  isolated  cases. 

B.  Non-Uniform  Stress  Fields  (Uniaxial) 

Lot  the  stress  at  any  point  be  written  as 

=  a-p  f(x,  y,  z)  (3-22) 

where  0*p  is  a  characteristic  stress  at  an  arbitrary  point  of  the  specimen,  and 
f(x,  y,  z)  the  function  of  position.  The  risk  of  rupture  is  given  by 


B  r 


0(y)  dV  = 


/«[• 

\I  ^ 


^■p  f  (x,  y,  8)  dV 


(3-23) 


The  simplest  case  of  a  non-uniform  stress  field  is  that  in  a  prismatic 
beam  under  pure  bending.  In  the  case  of  a  rectangular  cross  section  (b  x  2h), 


C-s  <r  X  ;  dV  =  b^dy 


where  tr  here  is  the  extreme  fiber  stress.  Then, 
P 


B  = 


¥■) 


m 


dV  = 


b^ 


m 


h 

I 


(3-24) 


m 


dy 


-  K?FmT  r^/  \  / 


m 


(3-25) 
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when*,  <  ts  gaj{p  length,  =  h  —  and  V  the  volume  of  gage  section  of 


tpccimon. 


The  mean  failure  atreas  is  T 


m 


becomes 


-  B 

e"  d  which  for  or  s  o 
P  u 


cr 

o 


(3-26) 


The  mean  failure  atress  for  a  pure  bending  specimen  and  a  tensile 
specimen  of  the  same  gage  volume  for  ff*  =  o  have  the  ratio 


^®m^  b  _  .  ,il/m 

ToTTT 
'  m' 


(3-27) 


C,  Graphical  Determination  of  Distribution  Parameters 

Let  the  total  number  of  specimens  tested  be  N,  and  assume  that  upon' 
completion  of  the  experiments  are  given  a  serial  number  n,  where  n*N 
is  assigned  according  to  an  increasing  level  of  fracture  stress.  For  this  sys¬ 
tem  It  is  obvious  that  the  probability  of  fracture  will  be  given  by 


S*  = 


TTTT  • 


-B, 


Combining  this  with  Fq.  3-8  (1  -  S  =  e’  ),  and  taking  the  double  logarithm 
of  both  sides, 


=  ^og  tog  TrrT-F  "  logB  +  logloge  (3-28) 


whore,  the  logarithms  are  Briggs'. 


Substituting  B  =  V 
specimen,  there  results 


rer-  o-y'lm 
^  «^o  / 


into  Eq,  3-28  for  the  case  of  tensile 


N  +  1 


log  log  Tr-:n~'n  “  +  log  V  -  m  log  <r  +  log  log  e.  (3 


-29) 
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To  obtain  the  nurru'rical  valuoH  of  the  parameters,  it  ia  moat  convenient  to 

plot  log  log  - n  I*-'/?  V-er^j).  For  the  correct  value  of  <r^, 

this  plot  will  bo  a  straight  line  having  a  slope  of  m  and  an  intercept  of 
log  V-m  log  +  tog  log  e,  which  permit  the  determination  of  o’©  once  m 
and  V  are  known.  The  value  of  resulting  in  a  linear  plot  must,  of 
course,  be  determined  by  trial  and  error. 

For  the  case  of  pure  bending,  the  expression  for  B  from  Eq.  3-25 
is  substituted  into  Eq.  3-28  yielding 

log  log  ^08  <*^p  ’  trj  -  m  log 

-  log  cTp  +  log  j  +  log  log  e  (3-30) 

It  is  suggested  here  for  the  case  where  er^  4  o  to  plot 

pog  log  N^  l4-ri  versus  log  ( oj,  -  <r^^)  . 

The  value  cf  9*^  is  found  by  trial  and  i‘rror  until  a  straight  line  plot  is  ob¬ 
tained.  Then,  (tii  +  1)  is  determined  as  the  slope  of  this  line  and  9^  is 
found  as  in  the  case  of  the  tensile  specimen  above, 

3.  STRESS  DISTRIBUTION  FACTORS  AFFECTING  FAILURE 
A.  Welbull  Theory 

The  Weibull  theory  presented  above  is  fully  capable  of  predicting  fail¬ 
ure  conditions  for  the  case  of  non-uniform  stress  fields  subject,  of  course,  to 
the  validity  of  its  underlying  assumptions.  Each  infinitesimal  element  is  still 
considered  to  be  under  uniform  stress,  and  the  risk  of  rupture  for  a  given 
specimen  la  found  by  integrating  the  risk  of  rupture  of  each  element  over  the 
volume  of  the  specimen.  Essentially  this  is  a  description  based  on  size  ef¬ 
fect  only,  and  accounts  for  the  effects  of  the  non-uniformity  of  stress  distri¬ 
bution  solely  through  the  consideration  of  different  risks  of  rupture  associated 
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with  the  varying  «tre*8  levels  existing  in  each  component  element.  The 
effect,  if  any,  of  sharp  stress  concentrations,  however,  cannot  b«  nc- 
countod  for  with  this  approach. 

Weibull^^"^)  hinted  that  such  an  effect  might  exist  by  suggesting  that 
the  material  function  can  be  affected  and  altered  in  regions  of  high  stress 
gradients  caused  by  sharp  stress  concentrations.  One  way  to  describe  this 
effect  is  to  consider  the  material  continuously  or  discontlnuously  anisotropic 
(in  the  Weibull  sense)  with  a  variable  material  function  applicable  to  the  dif¬ 
ferently  stressed  regions.  This  explanation,  however,  is  conceptually  hard 
to  accept  since  a  material  function  is  expected  to  depend  on  the  material  only. 
It  is  hoped  that  this  point  will  be  clarified  in  future  research. 

A  necessary  requirement  for  the  application  of  the  Weibull  (or  any 
other  statistical)  theory  to  non-uniform  stress  fields  is  that  the  stress-strain 
relationship  to  failure  be  linear.  If  this  is  not  true,  a  stress  redistribution 
occurs  in  the  specimen.  Then,  even  in  the  absence  of  size  effects,  one 
would  compute  a  higher  failure  stress  in  cases  of  non-uniform  stress  fields 
than  actually  exists  at  failure. 

B,  Stress  Gradient 

In  non-uniform  stress  fields,  the  peak  stress  generally  occurs  at  a 
^  'free  boundary;  stresses  decrease  as  one  proceeds  towards  the  interior  (Fig. 

3- 1(a)).  A  good  descriptor  of  the  stress  distribution  in  such  a  case  would 
be  the  value  of  the  maximum  tensile  stress  and  the  stress  gradient  existing 
at  the  boundary.  This  is  normally  represented  by  the  slope  of  the  stress 

s 

vs.  position  curve  at  the  boundary.  General  experience  shows  that  failure 
in  the  form  of  a  crack  would  initiate  at  the  boundary,  and  it  has  been  observed 
in  many  materials  that  the  sharper  the  stress  gradient  the  higher  the  peak 
stress  at  failure. 

The  Weibull  theory,  in  fact,  anticipates  that  such  an  effect  will  occur; 
in  the  statistical  treatment  of  fracture  probabilities  each  infinitesimal  volume 
is  assigned  a  given  probability  of  failure  depending  upon  the  stress  level  im¬ 
posed  upon  it.  The  probability  of  fracture  of  the  entire  body  is  then  the  inte¬ 
grated  value  of  the  failure  probabilities  of  all  component  volumes. 
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(«) 

Specimen  before 
crecklng,  ehowing 
•treie  gradient 


(b) 

Specimen  before 
cracking  ahoWing 
volume  aubjected 
to  more  than  95% 
of  maximum  ten* 
elle  atreaa 


(c) 

Specimen  afte 
cracking 


Fig.  3*1  ILLUSTRATION  OF  PROPOSED  FACTORS 

TO  BE  CORRELATED  WITH  FAILURE  STRESS 


Consider  the  esse  of  s  simple  beam  subjected  to  s  uniform  moment, 
and  assums  that  the  gage  volume  as  well  as  the  extreme  lihfr  stress  is 
identical  for  each,  but  the  stress  gradient  vary.  For  sharp  stress  gradi¬ 
ents,  the  stress  will  fall  off  rapidly  as  one  proceeds  into  the  interior  of  the 
speclmeni  Oiese  volumes  will  therefore  make  a  smaller  contribution  to  the 
overall  fracture  probability  of  the  body.  The  net  result  is  that,  under  the 
conditions  quoted,  the  statistical  failure  theory  will  assign  a  higher  survi¬ 
val  probability  to  specimens  having  a  higher  gradient  or,  alternately,  speci¬ 
mens  subjected  to  a  high  gradient  will  be  able  to  sustain  a  higher  extreme 
fiber  stress  at  the  same  fracture  probability.  This  also  becomes  evident 
from  Eq.  3-26,  where  the  mean  value  of  extreme  fiber  stress  is  seen  to  be 
inversely  proportional  to  (assuming  ■  o). 

It  is  not  definitely  known  whether  the  stress  gradient  in  Itself  is  a 
factor  affecting  failure  since  it  is  usually  closely  connected  with  effective 
sice,  and  previous  investigations  have  never  attempted  to  segregate  the  in¬ 
dependent  effect  of  these  two  parameters  upon  the  resulting  fraetdre  proba¬ 
bilities.  The  simplest  way  of  studying  the  pure  effect  of  stress  gradient  is 
to  test  pure  bending  speciinens  of  rectangular  cross  section  having  tha  same 
gage  volume  but  varying  depths,  hence  varying  stress  gradients,  i 


C,  Effective  Sice 

Effective  sice  in  a  specimen  subjected  to  a  non-uniform  stress  dis¬ 
tribution  is  defined  as  the  sice  corresponding  to  a  pure  tensile  specimen 
having  the  same  probability  of  fracture  under  the  same  maximum  stress. 


If  Op  represents  the  maximum  tensile  stress  anywhere  in  the  speci¬ 
men,  the  risk  of  rupture  for  a  non-uniform  stress  field  is  given  by  Eq.  3-23. 
^  ^eff  effective  or  equivalent  volume  of  a  tensile  specimen  with  the 

same  risk  of  rupture, 


'l  ^  h  *3 


dV 


eff 


(3-31) 


In  general,  the  effective  volume  is  a  function  of  the  failure  stress  and 
the  distribution  parameters.  The  effective  volume  of  a  beam  of  rectangular 
cross  section  under  pure  bending  is 
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(3-32) 


V 


eff 


V 

2  (m+  n 


where  V  ie  the  gage  volume  of  the  beam.  The  dependence  on  la  elim¬ 
inated  if  ■  o. 

The  application  of  Weibull'a  theory  becomea  very  involved  in  caaea  of 
non-uniform  atreaa  diatributiona  more  complicated  than  thoae  correaponding 
to  pure  bending;  numerical  or  graphical  methoda  would  have  to  be  employed 
for  the  aolution  of  theae  problema.  No  attempt  waa  made  to  carry  our  auch 
an  analyaii  for  the  ring  apecimena  uaed  here. 

Inatead,  rough  approximation  to  the  effective  aixe  waa  aought  on  an 
empirical  baaia.  Thia  effective  aiae  waa  arbitrarily  defined  here  aa  the 
volume  of  the  apecimen  aubjected  to  at  leaat  95  cent  of  ita  peak  tenaile 
atreaa.  Figure  3- 1(b)  ahowa  a  ahaded  area  around  the  point  where  failure 
originatea.  The  tenaile  atreaa  at  every  point  in  thia  area  ia  greater  than 
or  equal  to  95  per  cent  of  the  peak  atreaa,  (Tp,  In  the  aame  area.  For  a 
two-dimenaional  atreae  diatribution,  thia  area  ia  multiplied  by  the  thickneaa 
of  the  apecimen  to  give  the  effective  volume  of  fracture  aa  defined,  Thia 
area  ia  eaaily  found  uaing  two-dimenaional  photoelaatic  modela.  For  the 
caae  of  a  three-dimenaional  atreaa  diatribution,  the  through- thickneaa  var¬ 
iation  of  the  atreaa  field  muat  alao  be  known  for  the  computation  of  effective 
•  ize. 


4.  SPECIMEN  TYPES 

The  apecimen  typea  uaed  in  thia  Teak  conaiated  of  dogbone-ahaped 
apecimena  uaed  in  tenaion  and  pure  bending  teata,  rings  of  different  OD  to 
ID  ratioa  teated  in  diametral  compreaslon,  a  two-hole  disk  and  a  apecial 
theta-ahaped  apecimen.  A  wide  range  of  effective  aiaes  and  atreaa  gradi- 
enta  was  covered  by  these  specimens.  The  range  of  effective  aiae  covered 
was  about  three  decades;  the  stress  gradient  varied  from  0  to  12.5  c^/in. , 
where  <rp  is  the  peak  stress. 

Significant  parameters  of  the  specimens  used  are  tabulated  in  Table 
3-1.  Dimensions  of  the  specimens  are  shown  in  Fig.  3-2,  3-3  and  3-4. 

The  photoelaatic  patterns  used  to  determine  the  volume  under  more  than 


-  134  - 


o 

h 

z 

D 

I 

§ 

Z 

o 

g 

.A  3 


•S 

h 


«  g  . 

S  ".S 

4)  •*)  f 


« 

U 


0 
V 


u 

tt 

I 

w 


0 

> 


tn 

O' 


I 

H 

«> 

0 


h 

d 


« 

o 

a 

tt 

s 


7  s 

5. 

#  d 

tt 

tt 

fl 


1^1 

2.S 

l»H 


J3 

a 

^7 

V  5, 

B#'' 

(3 


o  o  o  o 


'5^>ovS^^>3b:  ^'o 

^  O  f 

>0  oe  d  d  10  r^  N  od  in 


O'  t~ 


Is 


o  o  o 


M 

o 


»0 

t- 

fn 

o 


<  r-  O' 

^  PH  rj 
M  I-H  p 
POO 
P  P  P 

POP 


k0 

10  • 
O'  PH  10 

OOP 

OOP 


^  '0  »0  O  ^ 
eo  ▼  'H  «0  9  «  ^ 

I-  10  ^  M  O  a  pH 
Ogdpp  NO 


o  o  o  o 
o  o  o  o 


OOP  P  POO  ooooo  oo 


AJ  O  10 

j::}  10  N 

fO  N  pH 

odd 


OOP 
10  10  10 
N  N  N 


o 

10 

N 


N  O  10 
pH  10  N 
(0  N  pH 

d  d  d 


OOP 
10.10  10 
N  N  N 


OOOOO 
10  10  10  10  10 
N  N  N  N  N 


OOO  O  POO  OOOOO 


I  t 


N  O  O  N  O  t* 

^  10  •  O  10  • 

fO  N  PH  pH  10  N  p* 

d  d  d  d  d  d  d 


SO  o 
10  o 
o  r- 10 


o 

10 


pH  til 


o  o 
o  o 

11  1  I  ,1  N  N 


-  135  - 


The  plastic  specimens  were  all  cut  from  1/4"  sheet  stock.  The  ceramic  specimens  were  varied  in  thickness 
to  obtain  a  greater  variation  in  volume. 


SEC.  A-A 

.  ^  o,  ‘ 

ft®'? 


n 


3/16"  D,  4  HoleM,  Bending 
Spoclmene  Only,  Omit  on 
Tcnwilo  .Opccimenf. 


^ 


SEC.  A-A 


3/16"  D,  4  Hole*,  Bending 
Specimcnii  only.  Omit  on 
Tenti’e  Spccimene. 


I". 

? 


m- 


Fig.  3-2  DOGBONE  USED  IN  TENSION  BENDING  TESTS 
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Fig.  3-3  THETA  SPECIMEN  GEOMETRY 

(When  a  compreseive  load  is  applied  perpendicularly 
to  the  bar  direction,  the  bar  will  be  subjected  to  uni¬ 
form  tension.  Dimensions  can  be  scaled  linearly. ) 
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Fig.  3-4  DISK  WITH  TWO  HOLES 

(Under  vertical  diametral 
compreaaion,  failure  will 
occur  in  the  narrow  atrip 
between  the  hole  a. ) 
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9  5  per  cent  o£  the  maximum  atreae  and  the  gradicnta  in  the  ringa  and  the 
two-hole  diak  are  ahown  in  Fig.  3-5. 

5.  THE  THETA  SPECIMEN 
A.  Need  for  a  Special  Deaigh 

The  theta  apecimen  deaign  ahown  in  Fig.  3-3  waa  developed  with 
conaiderable  effort  and  waa  added  to  the  group  of  apecimena  for  reaaona 
that  require  explanation. 

It  ia  well  known  that  one  of  the  chief  problema  aaaociated  with  the 
tenaile  teating  of  completely  brittle  materiala  ia  the  difficulty  of  applying 
a  truly  axial  load  to  obtain  a  uniform  atreaa  field  in  the  teat  area.  Many 
of  the  dilfficultiea  aaaociated  ydth  thia  problem  were  treated  in  detail  in  the 
report  preaented  for  the  work  performed  on  Taak  Z  of  thia  program. 

Some  of  the  reaaona  for  thia  problem  are  illuatrated  and  itemized  in 
Fig.  3-6.  The  itemized  factora  are  proaent  regardleaa  of  the  type  of  gripa 
uaed  on  the  apecimen.  From  the  aimple  column  formula,  it  can  be  ahown 
that  the  percent  of  increaae  in  atreaa  reaulting  from  eccentricity  ia  aix  timea 
the  ratio  of  the  eccentricity  to  the  diameter  of  a  round  rod  and  eight  timea  the 
ratio  of  eccentricity  to  width  for  a  aquare  rod.  Thua,  eccentricity  of  a  few 
thouaanda  of  an  inch  can  produce  an  appreciable  atreaa  increaae  on  one  aide 
of  a  tenaile  apecimen  and  failurea  at  lower  loada  than  thoae  correaponding  to 
true  axial  loading.  To  circumvent  all  or  moat  of  theae  difficultiea,  varioua 
inveatigatora  have  uaed  diaka,  ringa,  briquettea  and  beama.  All  of  theae 
ahapea  have  one  thing  in  common:  a  non-uniform  atreaa  field. 

While  working  with  holea  in  diaka  to  obtain  non-uniform  atreaa  fielda, 
the  preaent  Inveatigatora  felt  that  a  aolution  to  thia  problem  would  be  to  de¬ 
velop  a  apecimen  ahape  that  could  be  loaded  vertically  in  aimple  compreaaion 
and  apply  a  truly  axial  uniform  tenaile  atreaa  to  the  central  horizontal  bar. 

Be  aide  having  a  uniform  tenaile  atreaa,  the  apecimen  would  be  aimple  to  load, 
an  Important  feature  in  high  temperature  teating.  The  dimenaiona  of  a  apeci¬ 
men  aatiafying  theae  requirementa  are  ahown  in  Fig.  3-3;  becauae  of  ita  ahape, 
it  waa  called  the  theta  apecimen. 
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Fig.  3-5  ISOCHROMATIC  FRINCE  PATTERNS  OF 

FOUR  RINCe  AND  TWO- HOLE  DISK  UNDER 
DIAMETRAL  COMPRESSION 

-  140- 


GT' 


•  11  • 


c 


I0 

I 


Pill 


•  Axid  o(  Sp'JcltTien 
«Axo*  0/  Plnii 


' Eccontriclty  ^ 


i  Total  Eccentricity  1 

h 


CI>" 


Grill 


Eccentricity  0  jH 


O  r  if} 


The  ccci'nlrii  ily  (,in  bo  /UtribuCod  to  Itv'  foilo-iiiiirt  fiuto.'iu 

Uneyninu'i rif ..il  tllNplfiremonin  In  conta  l  /.oiich  A  timl  B  1  Lour-  cnnlroUabti’  aiKl 
UriHymnii'lrical  cllii|>laconi('nl h  In  lont.vl  '.'.onou  C  aiul  D  j  jir'iliatily  ni"‘l  Inip  irt.iii 
UnByrnnu'l riral  (’rip  dimon-iioiu: 

Unsymmotriral  npocimen  cliniomil'ins 
Frioiion  in  lb.’  pin  Joints. 

Fig.  3-6  UNIAXIAL  TENSILE  SPECIMEN  AND  GRIPS  SHOWING 
ECCENTRIC  LOADING  FOR  THE  CASE  WHERE  THE 
SPECIMEN  AXIS  IS  PARALLEL  TO  THE  AXES  OF  THE 
PINS 
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B •  Load-StrenB  Rflationghip 

A  photocUHtic  analyaiH  wttd  conductfd  to  corr<‘lat«  the  stn-nH  dtivul- 
oped  in  the  hotizontal  bar  with  the  applit-d  diametral  load.  ITiguro  3-7  shows 
isochromatlc  fringe  patterns  in  the  theta  specimen  under  diametral  loading. 
The  patterns  demonstrate  clearly  the  desired  features  of  the  specimen,  i.  c. , 
that  the  maximum  tensile  stress  occurs  in  the  bar,  that  the  stress  distribu¬ 
tion  in  the  bar  is  uniform  and  that  the  fillets  at  the  ends  of  the  bar  do  not 
produce  an  undesirable  stress  concentration.  The  symmetry  of  the  pattern 
also  shows  that  a  simple  alignment  by  eye  is  adequate.  The  stresi  in  the 
bar  determined  from  similar  photoelastic  patterns  was  found  to  bu  r  the  fol¬ 
lowing  relationship  to  load; 


(3-33) 


where  9*  is  the  stress  in  the  bar,  P  the  applied  load,  D  the  diameter  and 
t  the  thickness  of  the  specimen. 

Strains  in  the  bar  were  measured  and  related  to  changes  in  vertical 
and  horizontal  diameters.  The  strain  in  the  bar  was  measured  by  the  moire 
method  using  grids  of  1000  lines  per  inch.  The  moire  pattern  is  shown  In 
Fig.  3-8.  The  changes  in  horizontal  and  vertical  diameters  were  measured 
by  means  of  dial  gages.  The  relationships 

«  .  -0,585  ^  c  1.293  ^  (3-34) 

were  established;  where  C  is  the  strain  in  the  bar,  and  are  the  in¬ 
crements  in  the  vertical  and  horizontal  diameter,  and  D  is  the  diameter  of 
the  model. 

Thus,  from  load  and  deflection  measurements  one  can  determine  stress 
and  strain  and  hence  the  modulus  of  elasticity  of  the  material.  If  the  modulus 
of  elasticity  is  known  for  the  material  and  test  conditions  (e.g. ,  loading  rate, 
temperature,  atmosphere)  a  single  measurement  of  load  or  deflection  will 
suffice  for  the  determination  of  stress  and  strain  in  the  bar. 
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Fig.  3-8  MOIRE  FRINGE  PATTERN  ON  THETA  SPECIMEN 
UNDER  DIAMETRAL  COMPRESSIVE  LOAD 

(Th«  fringes  represent  lines  of  constant  horiaontal  displacement. 
The  incremental  displacement  between  fringes  is  0.001  in.  The 
Strain  in  the  bar  in  tenths  of  1  percent  is  given  by  the  number  in 
1  in. 
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Equations  3-3i  and  3-34  will  continue  to  hold  (or  specimnns  of  differ¬ 
ent  iiasea,  provided  their  dimeneiona  remain  proportional  to  those  ehown  in 
Fig.  3-3.  (The  thickneee,  t,  can  vary  independent!/ of  all  other  dimensions. ) 
There  is  a  poeeibility,  however,  that  the  dimensional  relationehipe  of  Fig.  3-3 
cannot  be  strictly  maintained.  It  is  believed  that  the  most  important  parame¬ 
ter  affecting  the  load  stress  relationship  is  the  ratio  of  bar  width  to  specimen 
diameter  (w/O).  To  measure  this  effect,  a  theta  specimen  with  a  wider -than - 
normal  bar  was  made  of  CR-39.  Load-fringe  order  relationships  were  deter¬ 
mined  in  the  original  specimen  and,  also,  after  successive  reductions,  in  bar 
width.  The  results  are  presented  in  Fig.  3-9  as  a  variation  in  stress  ratio 
K  B  using  the  dimensionless  value  of  30w/D  as  the  abscissa.  As  the 

figure  shows,  the  resulting  relationship  is  almost  linear.  Geometric  changes 
resulting  from  excessive  deformations  can  also  affect  the  load-stress  relation¬ 
ship, 

For  the  normal  theta  design  of  Fig.  3-3,  the  primary  failure  occurs  in 
the  bar.  The  photoelastic  pattern  of  Fig.  3-6  is  sufficient  evidence  of  this 
fact  and  most  CR-39  specimens  tested  failed  with  a  single  break  in  the  bar. 

In  some  cases,  however,  the  specimen  shatters  into  many  fragments  at  frac¬ 
ture,  because  of  the  sudden  release  of  the  elastic  energy  stored  in  the  model, 

To  obtain  conclusive  evidence  of  the  sequence  of  failures,  microflash  photo- 
graphs  of  Plexiglas  specimens  during  fracture  were  obtained.  Figure  3- 10(a) 
shows  completion  of  primary  failure  in  the  bar  and  incipient  initiation  of  aec- 
ondary  fractures  elsewhere  in  the  specimen.  Figure  3-10(b)  shows  another 
specimen  after  all  primary  secondary  and  tertiary  failures  have  occurred. 

These  photographs  were  taken  with  a  microflash  light  source  triggered  by 
the  disruption  of  a  strip  of  conductive  paint  seen  on  the  model.  It  should  be 
remarked  that  the  sequence  of  failures  might  change  if  the  ratio  of  w/D  is 
increased  beyond  a  certain  limit. 

6.  EXPERIMENTAL  RESULTS 

To  study  the  effect  of  stress  distribution  alone  on  failure,  all  other 
factors  (temperature,  humidity,  loading  rate,  batch  of  material)  were  main¬ 
tained  constant  in  the  experiments.  All  specimens  were  tested  in  hard  screw- 
type  universal  testing  machines  under  constant  deflection  rate.  As  mentioned 
at  tlie  outset  the  present  investigation  was  conducted  on  three  preliminary  model 
materials^  GR-39  (Columbia  Resin),  Plexiglas  and  graphite. 
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1.2  1.3 

Parameter,  30w/D 


1.4 


riON  FOR  GEOMETRIC 
THETA  SPECIMEN 


6  - 


A .  Columbia  Rciin  (CR-39) 


Roducod  teat  reaulta  for  thirteen  types  of  specimen  are  presented  in 
Table  3-11.  Two  additional  types  of  specimen  were  added  here.  They  wore 
bars  of  square  cross  section  (0.24  in.  x  0.  24  in.)  loaded  in  pure  bending  with 
a  gage  length  of  2  in.  In  one  case,  the  beams  were  loaded  so  that  the  neutral 
axis  was  parallel  to  the  top  and  bottom  sides  of  the  cross  section,  in  the  sec¬ 
ond  case  the  beams  were  loaded  so  that  the  neutral  axis  would  coincide  with 
one  diagonal  of  the  cross  section.  In  this  manner,  two  greatly  different 
volumes  under  high  stress  are  obtained. 

The  mean  failure  stress  was  plotted  against  stress  gradient  in  Fig. 
3-11,  and  against  the  volume  subjected  to  a  tensile  stress  greater  than 
95  per  cent  of  the  peak  stress  in  Fig.  3-12.  It  can  be  seen  that  stress  gra¬ 
dient  alone  is  not  sufficient  to  explain  the  difference  in  failure  stress  from 
specimen  to  specimen.  On  the  other  hand,  the  affective  size  seems  to  be  a 
dominant  factor  affecting  failure  stress.  The  points  tend  to  fall  on  a  shallow 
S-curve  approaching  asymptotically  an  upper  and  a  lower  limit  for  the  stress. 
In  the  range  of  parameters  considered,  this  curve  could  be  approximated  by 
a  straight  line.  An  approximate  empirical  equation  of  the  following  form  can 
be  derived  for  the  limited  range  of  sises  tested. 

V.  .  (3.35) 

where  Vq5  is  the  effective  size  as  defined.  From  Fig,  3-12,  it  is  found 
that  10.4  and  A  a  5,000  and  thus  the  empirical  equation  becomes 

<r«  5,000  .  (3-36) 


Experimental  work  with  dogbone  specimens  subjected  to  pure  bending 
and  tension  gave  the  following  ratios  for  the  mean  fracture  stresses: 


1.27  (5/16  in.  dogbone  specimens) 

1.26(1/4  in.  dogbone  specimens) 
1.50(3/16  in.  dogbone  specimens) 
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Fig.  3-11  FAILURE  STRESS  VS.  MAXIMUM  STRESS  GRADIENT  FOR 

VARIOUS  CR-39  SPECIMENS 
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^Bending 


01  ‘B«ajns  9Jinn«j: 


The  average  of  these  values  is  1.34  and,  from  the  predictions  of  the  Weibull 
theory  for  the  ratio  of  mean  fracture  stresses  in  pure  bending  and  tension, 
as  given  by  Eq.  3-27, 

(2m  +  2)^^"’  =  1.34'  , 

from  which 


m  =  10.8  . 

The  agreement  of  this  value  with  that  of  is  remarkable,  although  this  may 
be,  in  part,  coincidental. 

Statistical  analysis  of  experimental  results  of  the  theta  specimen  and 
the  bars  of  square  cross  section  indicated  that  surface  flaws  may  influence 
failure  appreciably.  The  fact  that  the  "95  per  cent  volume"  gives  a  good 
correlation  with  failure  stress  may  also  indicate  that  failure  starts  at  the 
surface  in  most  cases  of  non-uniform  stress  distribution  and  hence  a  sur¬ 
face  layer  qualifies  as  effective  sise  of  the  specimen. 

B.  Plexiglas 

Reduced  teat  results  for  ten  types  of  specimens  are  compiled  in  Table 
3-I1I.  The  mean  failure  stress  was  plotted  against  the  stress  gradient  in 
Fig.  3-13,  and  against  the  volume  subjected  to  a  tensile  stress  greater  than 
95  per  cent  of  the  peak  stress  in  Fig.  3-14. 

In  this  case,  the  correlation  with  stress  gradient  seems  more  meaning¬ 
ful  than  in  the  case  of  CR-39.  As  In  the  case  of  CR-39  the  failure  stress  of 
rings  is  higher  than  that  of  beams  having  the  same  stress  gradient.  Also,  the 
standard  deviation  tends  to  increase  with  increasing  gradient  (with  the  excep¬ 
tion  of  the  two-hole  disk).  It  appears  that  the  correlation  would  be  more  mean¬ 
ingful  if  specimens  of  one  type  only  (rings  or  beams)  were  compared. 

The  scatter  in  Fig.  3-14  is  fairly  large.  Again  it  would  seem  that  an 
S-shape  curve  would  best  represent  the  results  obtained,  but  a  straight  line 
was  used  for  ease  of  comparison.  The  following  approximate  empirical  for¬ 
mula  for  the  limited  range  of  sizes  considered  was  derived  from  the  figure. 
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Fig.  3-13  FAILURE  STRESS  VS.  MAXIMUM  STRESS  GRADIENT  FOR  VARIOUS 

PLEXIGLAS  SPECIMENS 
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Fig.  3-14  FAILURE  STRESS  VS.  VOLUME  SUBJECTED  TO  MORE  THAN  95  PERCENT  OF  H^XIMUM  TENSILE 

STRESS  FOR  PLEXIGLAS 


ar  a  A  V, 


(3-37) 


95 


440»¥, 


95 


t/4. 


7 


Tt'ntlon  »nd  binding  teata  lo7  tKa  thraa  dogbona  apacimana  yialdad  tha  foUow- 
Ing  rati&a  of  failura  atraaaaa. 

«  2.62  (5/16  in.  dogbona  apacimana) 

_ 

at  2.53  (1/4  in.  dogbona  apacimana) 

■  3.66  (3/16  in.  dogbona  apacimana) 

Ignoring  tha  third  valua  on  account  of  ita  aubatantial  deviation,  tha 
avaraga  of  tha  two  aariaa  providaa 

(2m  ♦  2)*^”*  a  2.58 

where, 


m  ■  1 . 84  . 

Tha  large  acattar  obtained  in  tha  Plaxiglaa  taata  may  be  due  in  part 
to  effect  of  auipactad  anieotropy. 

C.  Oraphita 

Reduced  taat  raaulta  for  aix  type  a  of  apacimen  ara  aaaamblad  in  Table 
3-IV.  Tha  mean  failure  atraaa  waa  plotted  againat  tha  atraaa  gradient  in 
rig.  3-15.  The  correlation  between  tha  two  quantitiea  (atraaa  and  atraaa 
gradient) 'aaama  to  be  good  mainly  becauee  moat  of  tha  apacimana  uaed  wera 
of  one  type  (ring)  where  gradient  variee  monotonically  with  effactiva  aiaa. 

A  good  correlation  waa  alao  obtained  between  failure  atraaa  and  volume  aub- 
Jactad  to  more  than  95  par  cant  of  tha  peak  tenaila  atraaa  aa  ahown  in  Fig. 
3-16.  Tha  atraight  line  approximation  yielda  the  empiric*)  formula 

s  1300  (3-38) 

for  tha  limited  range  of  aiaaa  taatad. 
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Thf!  r«tuUi  of  th«  theta  apecimen  were  analyzed  atatiaticaUy. 

The  distribution  curve  for  this  series  is  shown  in  Fig,  3-17.  The  fre¬ 
quency  or  probability  density  curve  shown  in  Fig.  3-18  was  obtained  by 
differentiating  the  distribution  curve  graphically.  It  is  seen  from  this 
curve  that  the  mods  of  the  distribution  is  v^node  ‘  2100  psi,  The  skew¬ 
ness  of  the  distribution  is  typical  of  brittle  materials.  If  the  material  is 
described  by  a  single  Weibull-type  function,  the  parameters  m,  and 

O'g  can  be  found  from  Eq.  3-17,  3-18  and  3-19. 

Following  the  graphical  method  of  determination  of  the  material 
function,  log  log  1/1  -S  was  plotted  versus  log  cr  in  Fig.  3-19.  The 
curve  is  concave  upwards,  which  means  that  no  single  value  of  exists 
which  would  transform  this  curve  into  a  straight  line.  This  is  also  an 
indication  of  anisotropy  (as  Weibull  defines  it),  i,  e, ,  that  the  probability 
of  fracture  under  the  same  conditions  of  stress  varies  in  different  parts 
of  the  specimen. 


A  simple  type  of  anisotropy  is  the  so-called  discontinuous  aniso¬ 
tropy,  in  which  the  solid  is  assumed  to  be  composed  of  two  parts,  V[  and 
V2.  with  two  disirlbution  function,  S|  and  S2  respectively,  whose  cor¬ 
responding  material  functions  are  given  by 


Then,  if  8^2  combined  distribution  function 


1-8,2  " 


(3-39) 


yield, 


where 


^12  “  yi 


log 


10  ■^’^i 


y,  =  log  log 
y2  =  log  log 


y,2  =  log  log 


(3-40) 


(3-41) 
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Failure  Stress,  10  psi 
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Fig.  3-15  FAILURE  STRESS  VS.  MAXIMUM  STRESS  GRADIENT  FOR 

VARIOUS  GRAPHITE  SPECIMENS 
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Fig.  3-16  FAILURE  STRESS  VS.  VOLUME  SUBJECTED  TO  MORE  THAN  95%  OF  MAXIMUM 

TENSILE  STRESS  FOR  GRAPHITE 
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- 17  DISTRIBUTION  CURVE  OF  FAILU  RE  STRESSES  IN  GRAPHITE  THETA  SPECIKIENS 
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Fig.  3-18  PROBABILITY  DENSITY  CURVE  OF  FAILURE  STRESSES  IN  GRAPHITE  THETA 

SPECIMENS 


Fig.  3-19  GRAPHICAI  DETERMINATION  OF  MATERIAL  FUNCTION  FOR 

GRAPHITE 


Vb3  - 


Figure  3-20  ehow#  a  plot  of  7^2  “  Yl  vereue  -  Yi  • 

In  the  eyatem  of  coordinatee  of  Fig.  3-19>  yj  and  would  appear 
aa  atraight  linea  and  y^^  **  *  curve  lying  above  theae  linea  and  approach¬ 
ing  tham  aaymptotically.  In  practice,  y^2,  obtained  aa  the.  curve  through 
the  pointa  and  the  aaymptotea  are  found  by  trial  and  error  from  Eq.  3-40  aa 
the  two  atraight  linea  yielding  a  curve  affording  the  beat  fit  to  y^.  In  the 
present  caae,  although  the  data  do  not  appear  aatiafactory,  two  auch  linea 
ware  drawn  in  Fig.  3-19.  The  alopea  of  theae  linea  are  m|  =  0.  7  and 
m2  ■  5.  3  uhich  represent  the  exponenta  of  the  two  material  functiona,  pro¬ 
vided  that  *  9*^2  *  fir  at  function  is  believed  to  apply  to  the 

surface  layer  of  the  apecimen,  the  second  to  the  interior.  To  determine 
the  slopes  of  the  asymptotes  with  confidence  two  or  three  sizes  of  specimens 
should  be  used. 

1 

D.  Weago  AL995 

Figure  3-21  shows  the  variation  of  failure  stress  varaiia  volume 
subjected  to  at  least  95  per  cent  of  the  peak  tensile  streaa.  Using  the 
straight  line  approximation, 

<r»  «  15,000  V, 5"^^®  (3-42) 

for  the  range  of  sises  considered  here,  Results  on  the  Weibull  constants 
are  given  in  the  Task  1  report, 

7.  CONCLUSIONS 

Within  the  framework  of  the  statistical  theories  of  fracture  proved 
eminently  applicable  to  dealing  with  the  strength  criterion  of  brittle  mater¬ 
ials,  full  recognition  is  given  such  factors  as  the  geometrical  shape  and 
volume  of  the  body  and  the  stress  distribution  existing  in  it.  Further  var¬ 
iables,  naturally,  ar,f  those  which  depend  upon  the  material  itself.  These 
are,  as  commonly  accepted,  the  flaw  density  constant  and  zero  itrength  of 
the  material,  both  of  which  are  subject  to  variations  with  environmental 
conditions  such  as  temperature.  Recently  an  additional  constant,  the  max¬ 
imum  fracture  strength,  has  been  suggested  for  inclusion  into  statistical 
failure  theories. 
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Fig.  3-20  DETERMINATION  OF  COMBINED  DISTRIBUTION  FUNCTION 
FROM  TWO  COMPONENT  FUNCTIONS 
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Fig.  3-21  FAILURE  STRESS  VS.  VOLUME  SUBJECTED  TO  MORE  THAN  95%  OF  MAXIMUM 
TENSILE  STRESS  FOR  WESGO  AL-995 


Existing  theories,  however,  do  not  assume  that  the  ■trees  gradient 
at  the  point  of  fracture  initiation  has  an  independent  effect  upon  failure,  nor 
have  experiments  been  carried  out  to  investigate  this  problem.  The  current 
work,  therefore,  seeks  to  determine  the  parametric  influence  of  stress  gra¬ 
dient  upon  the  fracture  of  brittle  materials  and,  in  a  broader  sense,  to  ex¬ 
amine  the  effect  of  non-uniform  stress  field  upon  the  statistical  probability 
of  fracture  in  bodies  possessing  no  ductility. 

A  substantial  part  of  the  effort  was  deyoted  to  the  selection  and  in¬ 
vestigation  of  specimen  shapes  giving  the  desired  controllable  variation  of 
the  parameters  to  be  explored  in  this'  study.  Tensile,  bending  and  ring 
specimens  were  evolved,  which  allow  for  a  variation  of  effective  volumes 
over  three  decades,  and  for  stress  gradients  ranging  from  0  to  12.  5  e^/ln. , 
where  cr^  represents  the  peak  stress  occurring  in  the  specimen. 

A  special  shape,  designated  the  theta- specimen  was  also  developed 
when  it  became  apparent  that  it  would  be  extremely  difficult  to  ensure  the 
application  of  uniform  tension  in  the  brittle  materials  used.  Under  diametral 
loading,  uniform  stresses  are  generated  in  the  central  bar  of  this  specimen, 
which  is  also  the  locus  of  maximum  tensile  stress  and,  therefore,  the  place 
of  fracture  initiation  in  the  specimen.  The  theta  shape  is  comparatively  in¬ 
sensitive  to  small  deviations  of  misalignment  of  the  loading  direc'  en. 

Statistical  failure  probabilities,  based  upon  existing  formulations, 
were  derived  for  the  shapes  of  tensile  and  bending  specimens  used  In  this 
work.  Since  large  variations  of  effective  size  accompanied  the  variation  of 
■  tress  gradient,  an  additional  criterion  was  postulated,  as  represented  by 
the  portion  of  the  specimen  volume  subjected  to  more  than  95  per  cent  of 
the  governing  tensile  stress  existing  in  the  body. 

Experiments  were  conducted  on  readily  available  and  comparatively 
inexpensive  brittle  materials,  such  as  Columbia  Resin  CR-39  (an  amorphous 
brittle  material),  Plexiglas  (an  amorphous  brittle  polymer)  and  graphite. 
Weibull  flaw  density  constants  were  obtained  for  each  material,  showing 
wide  variations  of  properties.  In  addition,  correlations  were  made  re¬ 
garding  the  individual  influence  of  the  stress  gradient  on  the  one  hand,  and 


-  167 


volume  at  high  street  on  the  other,  upon  the  fracture  strength  of  the 
materials  used.  Good  correlations  were  obtained  for  CR-39  and  graphite 
between  failure  stress  and  the  empirical  95  per  cent-of-maKimum-stress 
volume  criterion.  Graphite,  when  analysed  according  to  existing  proba¬ 
bilistic  fracture  theories,  appeared  to  exhibit  a  Weibull  anisotropy,  mean¬ 
ing  that  different  parts  of  the  specimen  exhibit  different  failure  probability 
constants.  The  most  likely  explanation  for  this  is  to  assume  that  fracture 
initiation  at  the  surface  and  the  Interior  of  graphite  are  governed  by  differ¬ 
ent  material  constants. 

Experimental  work  oh  polycrystalline  AI2O3  specimens  was  begun 
and  some  Initial  results  are  reported.  This  work  is  expected  to  be  con¬ 
tinued  during  the  extension  phase  of  this  program. 

8.  CONTRIBUTING  PERSONNEL 

Contributions  to  the  work  reported  herein  were  made  by  J.  Anderson, 
J.  Cistaro,  1.  M.  Daniel,  A.  J.  Durelli,  S.  Morse,  T.  Niiro,  V.  J.  Parks, 
W.  F.  Riley  and  N.  A.  Weil. 

In  particular,  the  concept  and  development  of  the  theta  specimen, 
as  well  as  the  empirical  criterion  of  95  per  cent  of  the  maximum  stress  for 
defining  the  critical  volume,  is  due  to  A.  J.  Durelli  and  V.  J.  Parks.  Most 
of  the  theoretical  derivations  and  experimental  work  were  conducted  by 
I.  M.  Daniel. 
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TASK  4  -  EFFECT  OF  MICROSTRUCTURE 


Principal  Investigator:  P.  R.  V.  Evans 

Armour  Research  Foundation 


ABSTRAC  T 

The  fracture  behavior  of  polycrystalllne  MgO  and  Lucalox  has 
been  studied  under  conditions  of  uniaxial  compression  In  the  tem¬ 
perature  range  900*  -  1900*C.  In  both  oxides  the  fracture  strength 
showed  a  marked  temperature  dependence  and  fracture  was,  In  all 
cases,  confined  to  Intergranular  cracking, 

No  truly  ductile  behavior  was  observed  In  either  of  these 
polycrystalllne  materials  although  metallographlc  evidence  suggested 
that  the  possibility  of  obtaining  ductility  was  greater  In  MgO  than 
Lucalox.  The  fracture  stress  (O’  f)  *  grain  slse  (d)  data  for  Lucalox 
was  subjected  to  a  Petch-type  analysis  (  Op  a  -f  kd  ~  ^ /2) ,  The 
applicability  of  the  Petch  equation  to  this  material  was  not  established 
because  of  Insufficient  experimental  data. 
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TASK  4  -  EFFECT  OF  MICROSTRUCTURE 


1.  INTRODUCTION 

Recent  work  by  Stroh,  Cottrell  and  Fetch  on  yield 

and  fracture  behavior  of  metale  hai  lead  to  elgnlflcant  advances  In  the 
understanding  of  the  mechanisms  Involved.  These  theories  are  based 
on  dislocation  concepts  and  have  been  able  to  account  for  the  effect  of 
such  variables  as  grain  slse,  Impurity  atoms  and  temperature.  Indeed, 

In  the  case  of  Iron  and  other  body- centered  cubic  metals,  nnany  effecti 
of  alloying  and  metallurgical  treatment  of  metals  have  been  rationalised 
on  this  basis. 

The  success  of  these  current  theories  dealing  with  the  atomic 
mechanisms  of  cleavage  fracture  In  metallic  lattices  has  prompted  an 
extension  of  this  thinking  to  a  study  of  fracture  behavior  In  ceramic 
materials.  This  approach  has  been  used  In  Task  4  to  study  fracture  In 
polycrystalllne  AI2OJ  and  MgO  and  centers  around  the  Fetch  equation 
relating  fracture  strength,  •y  and  grain  slae,  d,  ; 

(Tj.-  +  (4-1) 

where  9*^  represents  the  frictional  stress  on  an  unlocked  dislocation 
and  k  Is  a  constant  directly  related  to  the  surface  energy  associated 
with  the  formation  of  the  fracture  surfaces.  Equation  d-'l  Is  particularly 
useful  In  studying  fracture  behavior  since  It  separates  the  factors  con¬ 
trolling  0^  Into  three  components.  Furthermore,  the  equation  Is  based 
on  a  dislocation  model  for  fracture  and  the  parameters  In  the  equation  may 
therefore  be  Interpreted  In  terms  of  this  model. 

In  addition  to  studying  the  Influence  of  d  on  tfy  over  a  broad  range 
of  temperatures,  the  experimental  wc>*k  was  aimed  at  Investigating  the 
presence  of  a  ductile -brittle  transition  temperature  of  the  type  observed 
In  bcc  metals.  Frevlous  work  hae  shown  that  ceramic  single  crystals 

do  display  a  transition,  but  the  manifestations  of  this  transition  are  very 


gradual,  not  accompanlod  by  a  change  In  the  mechanlem  of  fracture 
which  remains  cleavage  throughout  the  entire  range  of  temperature. 

In  these  latter  respects  their  behavior  diners  from  that  of  the  bcc 
metals, 

2.  MATERIALS  AND  TEST  SPECIMENS 

The  work  was  confined  to  a  study  of  polycrystalllne  MgO  and 
specimens  of  high  density. 

A.  Polycrystalllne  MgO 

All  the  MgO  specimens  tested  were  manufactured  at  ARF  by  hot 
pressing  (see  Chapter  II  for  detailed  description)  and  subsequently 
ground'*'  to  cylindrical  shapes  1  x  1/2  In,  dlarh,  such  that  the  end  faces 
were  square  to  within  0.001  In.  of  the  specimen  axis.  The  surface 
finish  was  smooth  and  reproducible.  During  both  the  centerless  and 
surface  grinding  operations,  water  was  used  as  a  coolant.  The  chemical 
analysis  of  the  hot'pressed  MgO  Is  given  In  Table  4-1,  The  relatively 
high  carbon  content  Is  attributed  to  pick  up  from  the  graphite  hot- 
pressing  die  and  Its  Incomplete  removal  during  the  subsequent  decar- 
burlaatlon  treatment. 

Dimensions  of  the  MgO  specimen  were  chosen  with  three  considerations 
In  mind:  (1)  The  specimens  should  be  stubby  enough  to  avoid  the  possibility 
of  elastic  buckling.  This  requirement  Is  amply  satisfied,  since  elastic 
buckling  Is  seldom  of  concern  below  "slenderness  ratios"  of  60;  (2)  The 
L/D  ratio  should  be  large  enough  to  avoid  any  distortion  of  data  by  friction 
effects  exerted  at  the  specimen- platen  Interface  (these  effects,  resulting 
in  an  apparent  Increase  in  compressive  strength  owing  to  the  friction 
constraint,  become  significant  only  below  L/D  ratios  of  2.0);  and,  (3)  To 
satisfy  the  dimensional  allowances  of  the  available  hlgh-tempeaature  testing 
machine  which  could  accept  specimens  only  up  to  1-1/4  In.  In  height. 

The  specimen  else  selected  satisfied  all  of  these  requirements. 

» 

During  the  current  program,  all  testing  of  MgO  was  restricted  to  a 
darrled  out  by  Accurate  Grinding  Company,  Chicago,  Illinois. 
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hot-preased  material  with  a  grain  else  ol  0,027  mm,  Howeveri  grain 
growth  atudlea  of  thla  material  were  performed  In  order  to  provide 
•  peclmene  covering  a  range  of  grain  diameters.  The  results  of  this 
work  Indicated  that  limited  degrees  of  grain  growth  could  be  obtained 
by  high  temperature  annealing  In  the  vicinity  of  1700*C  while  still 
retaining  a  relatively  uniform  grain  slee  structure.  Time  did  not 
permit  tests  to  be  carried  out  onthesf  specimens.  It  Is  anticipated 
that  these  other  grain  else  levels  will  be  examined  in  the  proposed 
extension  of  this  program. 

The  specimen  densities  were  within  the  range  99.4  -  99.7  percent 
of  theoretical,  the  snuill  amount  of  porosity  being  generally  confined 
to  the  grain  boundaries. 


Table  4-  1 

CHEMICAL  ANALYSIS  OF  HOT  PRESSED  MgO  * 


Element 

Concentration  *  <■ 
(w/o) 

C 

0.018 

Mg 

Principal  Constituent 

Ca 

0.5 

A1 

0.03 

Fe 

0.03 

SI 

0.02 

Tl 

0.004 

Cr 

0. 0006 

Cu 

0.0003 

*  Carried  out  by  Chicago  Spectro  Service 
Laboratory,  Inc. 


**  With  the  exception  of  the  carbon  determina¬ 
tion,  the  analysis  Is  semi -quantitative. 
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B.  Lucalox 


The  polycryitalllne  AI2OJ  •peclmens  were  eupplled  by  the  General 
Electric  Company,  Cleveland,  Ohio  under  the  trade  name  Lucalox  at 
three  grain  alBe  levela,  0.  005  mm,  0.03  mm  and  0,  1  mm.  In  the 
aa-recelved  condition  the  apeclmene  were  1x1/2  In.  dlam.  with  the 
end  faces  square  to  the  specimen  axis  to  within  0,  001  Inch.  During 
some  preliminary  tests  It  was  discovered  that  the  loading  capacity  of 
the  compression  testing  unit  was  not  adequate  to  produce  fracture  In 
these  specimens.  They  were,  therefore,  centerless  ground to  3/9  In. 
dlam.  to  reduce  the  cross  sectional  area  and  thus,  the  load  at  fracture. 
Although  the  height /diameter  ratio  for  these  specimens  was  now  2.7 
compared  to  2.0  for  the  MgO  specimens,  this  difference  In  geometry 
was  not  thought  to  Influence  significantly,  any  comparison  that  might  be 
made  between  the  respective  test  data.  The  quantitative  composition 
of  the  Lucalox  la  given  In  Table  4-11. 

Table  4- II 

SEMI-QUANTITATIVE  ANALYSIS  OF  LUCALOX  e» 


Element 

Concentration 

(w/o) 

A1 

Principal  Constituent 

Fe 

0.07 

Mg 

0.  15 

Tl 

0.01 

Mn 

0.  001 

V 

0.  004 

Na 

0.08 

Cu 

0.  0003 

Nl 

0.0015 

Ca 

0.04 

Cr 

0.  002 

Ga 

0.003 

SI 

0.03 

4e  Carried  out  by  Chicago  Spectro  Service  Laboratory,  Inc. 
e  Carried  out  by  Adolf  Meller  Company,  Providence,  Rhode  Island . 
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The  density  of  the  Lucalox  varied  with  fjraln  size,  approaching 
theoretical  density  for  the  0.  Oi^mm  and  0. 1-mm  grain  size  and 
falling  to  about  97.  22  percent  of  theoretical  for  the  0.  005-mm  material. 
Since  porosity  Influences  strength  properties,  Its  presence  In  the 
fine-grained  samples  certainly  needs  to  be  considered  In  the  final 
analysis  of  the  grain  size  -  fracture  strength  test  data. 

All  the  grain  size  determinations  carried  out  In  this  study  were 
based  on  the  formula: 

o- 

-—KT 

where 

D  Is  the  average  grain  diameter  (cm) 

M  Is  magnification 
2 

A,  area  cm 

N  Is  the  number  of  grains  In  area  A. 

Grain  size  determinations  were  performed  on  a  series  of  selected 
samples.  The  values  determined  for  the  Lucalox  specimens  were  In 
close  agreement  with  the  quoted  figures  of  0.005  mm,  0.03  mm  and 
0. 1  mm.  These  latter  figures  have  therefore  been  used  In  analysing 
the  Lucalox  data. 

Each  specimen  was  carefully  calipered  to  determine  Its  actual 
diameter  and  cross  sectional  area  prior  to  testing. 

3.  apparatus' AND  TESTING  PROCEDURE 

The  hlgh-temperature  compression  testing  apparatus  was  built 
around  an  existing  high  temperature  resistance  furnace.  A  sectional 
view  of  the  apparatus  Is  given  In  Fig.  4-  1  while  the'unlt  together  with 
all  the  auxiliary  equipment  Is  Illustrated  In  Fig.  4-2.  Testing  was 
carried  cut  In  a  helium  atmosphere  and,  with  a  tantalum  heating  element, 
the  furnace  was  capable  of  temperatures  up  to  2200*C.  The  rate  of 
heating  and  cooling  of  specimens  was  closely  controlled  by  manual 
adjustrnent,  this  being  necessary  In  the  case  of  MgO  which  Is  particularly 
sensitive  to  thermal  shock.  It  was  also  thought  that  controlled  heating 
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Fii.  4-1  HIGH  TEMPERATURE  COMPRESSION  TESTING  APPARATUS 
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rig.  4-2  FULL  VIEW  OF  COMPRESSION  TE5TINO  UNIT 


(1)  Framework  of  comproeaion  tooting  unit. 

(2)  Load  coll 

(3)  Furnace  body 

(4)  Tranoformor  and  electrical  controls 
for  heating  furnace 

(5)  Motor  drive 


(6)  Variable  opaod  controller 
for  motor  drive 

(7)  Load  call  instrumaat  panel 
(•)  Tacomter 

(9)  Vacuum  gage 
(10)  Speedomnx  recorder  for 
toed  meaemremeafte 
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raUa  would  tand  to  raduca  tha  poaaibiUty  of  tharmal  cycling  damaga  in 
tba  Lucalox  rama  uaad  in  tha  teating  of  Lucalox  apaelmana.  After  soma 
praUminary  studies  on  MgO,  the  heating  rate  shown  in  Fig.  4>3  was  used 
throughout  the  experimental  work.  While  this  heating  rata  was  relatively 
rapid,  it  was  found  to  induce  no  thermal  shock  damage  in  tha  test  speci¬ 
mens. 

Tha  compression  spaeiman  was  positioned  in  the  uniform  temper¬ 
ature  aone  of  the  furnace  and  the  load  applied  through  tha  bottom  ram  by 
a  screw  Jack.  The  screw  Jack  was  driven  by  .a  1/2-hp  variable  spaed  d-c 
motor  through  a  50:1  reduction  gear.  The  load  was  measured  by  a  resis¬ 
tance  strain  gSn'e  load  cell  which  was  directly  recorded  on  a  Speedomax 
recorder.  T**?  screw  Jack  speed  was  held  constant  at  6. 19  x  lO"^  in.  /min 
resulting  in  a  relatively  constant  strain  rate  of  6.  8  x  10"^  in.  /in.  /min 
(1.13  X  10-3 

Two  major  problems  encountered  in  building  the  apparatus  and  in  . 
carrying  out  the  compression  teats  were  (1)  obtaining  axial  alignment  of 
the  rams  and  (2)  selection  of  a  suitable  ram  material  that  would  withstand 
the  extremely  severe  temperature- stress  condition  involved. 

The  alignment  problem  was  overcome  by  Improved  engineering 

design. 

After  a  series  of  preliminary  experiments  it  was  decided  to  try 
both  tungsten  and  Lucalox  as  ram  materials  since  both  materials  were 
commercially  available  In  shapes  suitable  for  this  application.  A  set  of 
3/4-in.  diam  tungsten  rams  proved  satisfactory  for  testing  MgO  up  to 
1600*C  although  the  specimens  did  cause  a  small  amount  of  localized  de¬ 
formation  of  the  tungsten  at  the  ram-specimen  interface.  Tha  depth  of 
penetration  observed  was  about  0.0005  -  0.001  in.  To  avoid  damaging 
the  ends  of  the  rams  in  this  way,  flat  tungsten  discs  were  always  placed 
between  the  specimens  and  the  rams.  These  discs  were  readily  removed 
after  each  test,  surface  ground  to  yield  a  flat  surface  and  re-used  for  fur¬ 
ther  testing. 
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Test  Temperature. 
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Tungsten  rams,  even  up  to  l-in.  diairit  were  found  to  be  coiD'^ 
pletety  inadequate  for  the  testing  of  Luealox  where  even  higher  test 
temperateres  wars  to  be  studied.  It  was  therefore  decided  to  use 
Luealox  rams  lor  this  phase  ot  the  work.  Rods,  l-in.  diam,  were 
employed  togethoir  with  1/4-in.  thick  discs  which  formed  the  working 
surfaces  of  the  compression  unit  and  thus  reduced  the  possibility  of 
damaging  the  rams.  The  rams  were  friction  fitted  into  steel  grips  as 
illustrated  in  Fig.  4-4.  Although  this  material  has  proved  satisfactory, 
from  a  mechanical  strength  standpoint,  it  has  suffered  from  the  follow¬ 
ing  disadvantages; 

(1)  Tbo  Luealox  discs  crack  during  testing  and  a  new  set  is  required 
for  each  test  run. 

(2)  The  properiisis  of  Luealox  appear  to  deteriorate  with  use  which 
reeults  in  the  premature  failure  of  the  rams.  Failurs  of  the 
rame  was  generally  aslociated  with  cracking  in  a  direction 
parallel  with  the  ram  axis.  To  date,  five  Luealox  rams  have 
had  to  be  replaced. 

Both  these  factors  present  probleme  since  Luealox  is  not  an  inexpensive 
material. 

4.  RESULTS  AND  DISCUSSION 
A .  Magnesium  Oxide 

The  compraseion  teeting  of  hot-pressed  polycrystalline  MgO  speci¬ 
mens  was  carried  out  in  the  temperature  range  900  -  1600*C  and  has  been 
confined  to  as  pressed  epeclmens  having  a  grain  else  of  0,  027  mm.  The 
results  obtained  are  eummarised  in  Table  4-111  and  Fig.  4-5.  Some  typi¬ 
cal  autographic  load-compreesion  curves  are  given  in  Fig.  4-6  while  a 
eelected  number  of  fractured  specimens  are  shown  in  Fig.  4-7  through  4-9. 
The  specimens  deformed  at  1600*C  (Fig.  4-9)^  buckled  during  testing,  sug¬ 
gesting  that  the  loading  wae  not  entirely  uniaxial.  One  possible  explanation 
is  that  the  onset  of  *'plaetic  deformation"  is  accompanied  by  shearing  along 
a  preferred  direction  in  the  specimen.  Further  strain  develops  this  local¬ 
ised  shearing  at  the  expense  of  other  possible  directions  until  fracture  is 
ultimately  reached.  A  similar  effect  has  been  observed  with  Luealox 
(see  Fig.  4-15). 
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Table  4.1II 


COMPRESSION  TEST  DATA  FOR  PQLYCRYSTALLINE  MgO  IN 
THE  TEMPERATURE  RANGE  900  -  1600*C 


Test 

Temperature, 

CC) 

Grain 

Siae, 

(mm) 

Yield 

Strength, 

(P»l) 

Fracture 

Strength, 

(P«i) 

Percent 

Ductility* 

in 

Compression 

900 

33,  333 

•  •  • 

1000 

23,  000 

1000 

0.027 

27,  000 

0.027 

37,  000 

0.027 

44,  556 

0.027 

24,  666 

0.027 

27,  390 

1200 

0.027 

31,  840 

1400 

0.027 

17,  222 

20, 111 

8.6 

1400 

0.027 

17,  500 

20,  000 

7.8 

1500 

0.027 

16.  944 

18, 511 

6.6 

1500 

0.027 

18, 680 

20,  000 

7.4 

1600 

0.027 

14,  667 

17,  067 

13.9 

1600 

0.027 

14,  200 

--- 

*  Percent  compression 


"T - 


where  and  are  the  original 


and  final  specimen  heights  reepectively.  The  h^  -  h^  value ■  were 
determined  from  the  autographic  recording!  and  not  from  a  measure¬ 


ment  of  the  epecimene  themselves. 
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Fig.  4-7  POLYCRYSTALUNE  MgO  COMPRESSION 
SPECIMEN  FRACTURED  AT  1200°C 


Fig.  4-8  POLYCRYSTALUNE  MgO  COMPI^SSION 
SPECIMEN  FRACTURED  AT  1400°C 

Grain  Size  =  0,027  mm 
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Fig.  4-9  POLYCRYSTALLINB  MgO  COMPRESSION 
SPECIMEN  FRACTURED  AT  1600*C 

(Not*  Surfac*  Blistering  and  Buckling  of 
Specimen).  Grain  Sis*  ■  0*  027  mm 

Although  the  fracture  stress-temperature  data  fall  within  a  scatter 
band  which  becomes  particularly  wide  at  1000*C  (see  Fig.  4-5).  the  strength 
of  hot-pressed  polycrystallin*  MgO  exhibits  a  pronounced  temperature  de¬ 
pendence.  The  change  in  fracture  strength  with  temperature  was  also  ac¬ 
companied  by  a  marked  change  in  fracture  appearance  as  illustrated  in  Fig. 
4-7  through  4-9> 

The  cause  of  the  scatter  in  the  fracture  data  is  not  known.  The  re¬ 
sults  do  indicate  a  trend  suggesting  that  the  specimens  produced  during  the 
latter  stages  of  manufacturing  at  ARF  had  a  greater  fracture  strength  than 
those  produced  in  the  initial  stages.  The  scatter  may  therefor*  be  attri¬ 
buted  to  a  variation  in  specimen  quality.  However,  it  is  still  not  kiu>wn 
why  this  effect  should  become  particularly  pronounced  at  1200*C  and  below. 

The  autographic  records  in  Fig.  4-6  indicate  that,  up  to  1200*C, 

MgO  is  completely  brittle  while  at  1400*C  there  is  apparently  evidence  of 
plastic  strain.  The  extent  of  this  plastic  strain  shows  a  general  increase 


with  Increasing  temperature.  The  extent  to  which  thie  apparent  plaetic 
range  represents  truly  plastic  behavior,  of  the  kind  observed  in  metals, 
has  not  been  determined  as  yet.  The  yield  point  measurements  made  in 
this  temperature  range,  rather  than  being  associated  with  creep  or  plas¬ 
tic  flow,  may  represent  the  stress  at  which  microcracks  are  formed. 

Further  strain  then  results  in  the  propagation  of  these  cracks  followed 
by  ultimate  failure. 

Microscopic  examination  of  specimens  tested  at  1400*C  and  1600*C 
indicate  that  failure  in  this  temperature  range  is  entirely  by  intergranular 
fracture,  as  shown  by  the  photomicrographs  presented  in  Fig.  4-10  and  4-11. 
An  examination  of  grain  shape  indicates,  that  at  1400*C  there  is  no  evidence 
of  plastic  deformation  of  the  grains  while  at  1600*C  there  are  indications 
that  individual  grains  are  exhibiting  some  plasticity. 

Surface  blistering  of  specimens  has  been  observed  at  1400*0  and 
above,  increasing  in  severity  with  temperature.  This  is  thought  to  be 
due  to  the  presence  of  unstable  impurities  in  the  MgO;  however  the  extent 
to  which  these  blisters  influence  mechanical  behavior  is  not  known.  Be¬ 
cause  of  the  severe  surface  blistering  at  1600*0,  tests  were  not  carried 
out  above  this  temperature. 

B.  Lucalox 

The  compression  testing  of  Lucalox  at  three  grain  site  levels  was 
carried  out  in  the  temperature  range  1600  -  1900*0.  The  fracture  strength 
-  grai't  site  -  temperature  data  are  summarited  in  Table  4-lV  and  Fig.  4-1 Z. 

The  results  indicate  that  the  strength  of  Lucalox  Is  both  temperature 
and  grain  site  dependent.  At  1600*0,  an  increase  in  grain  site  leads  to  a 
decrease  in  strength;  this  behavior  is  expected  to  occur  from  previous 
studies  of  the  strength  of  polycrystalline  solids.  This  trend  is  maintained 
by  the  0.  1-mm  and  0.  03-mm  specimens  up  to  1900*0  but  not  by  the  0.  005  mm 
specimens  whose  strength  at  this  temperature  falls  below  that  of  coarser 
grained  material.  Furthermore,  the  temperature  dependence  of  strength 
for  the  0.1-mm  and  0.  03-mm  specimens  is  gradual  while  the  loss  of  strength 
of  the  0.005-mm  material  in  this  temperature  range  is  quite  precipitous. 
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Table  4-IV 

COMPRESSION  TEST  DATA  FOR  LUCALOX  IN  THE 


TEMPERATURE  RANGE  1600  -  1900*C 


Teat 

Temperature, 

CC) 

Grain 
Siae,  d 
(mm) 

d-‘« 

Yield 

Strength, 

(P*i) 

"1 

Fracture 

Strength, 

! - 

Percent 
Strain  in 
Compreaaionb 

1600 

14.3 

39,910 

1600 

14.  3 

41,910 

1600 

5.  78 

39,  270 

1600 

5.78 

35,  270 

1600 

0.03 

5.78 

35,630 

1600 

0. 1 

3.,16 

23,  000 

1600 

0.1 

3.16 

21,  180 

1 700 

0.005 

14.3 

17,636 

.... 

8.9 

1800 

0.005 

14.3 

12,  730 

■  at  •  ■ 

16.2 

1900 

0.005 

14.3 

6,  364 

■  •  •  • 

11.9 

1900 

0.005 

14.3 

5,  8l8 

.... 

20.4 

1900 

0.005 

14.3 

4,  000 

•  •  •  • 

35.6 

1900 

0.03 

5.78 

.... 

22,636 

.. 

1900 

0.1 

3.16 

17,  364 

m  m 

1900 

0.1 

3.16 

14,  545 

-- 

*  Oo«i  not  reprcient  ductility  at  fracturo  but  the  amount  of  compreaeion  the 
epeclmen  received  before  the  teat  waa  etopped. 
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tin.  4-iO  PtiOtOMlCftOORAPH  or  MgO  St’BCiMEN 
FRACtOREU  AT  1400®C  X250 

(Note  profuf*  iiitatiriiiulAt  crftekiii|) 


Fig.  4-11  PHOTOMICROGRAPH  DF  MgO  SPECIMEN 
FRACTURED  AT  16d6°C  X250 

(Failure  confined  to  intergranular  cracking. 
There  are  indications  that  grains  have 
undergone  sonne  plastic  flow.) 


Iht*  evidence  clearly  euRgeete  th«t  the  mechenical  hehavior  of  the  0.  005-njm 
•pecimen*  it  eignificantly  different  from  the  other  grain  materiale 
teated.  The  reaeon  for  theae  differencea  la  not  claar,  although  the  pretence 
of  an  appreciable  amount  of  pf?roaity  In  the  finest  grain  alee  specimens  might 
partly  account  for  the  observed  behavior. 

'At  all  test  temperahiras,  the  0. 1-mm  and  0.  3-mm  specimens  wars 
completely  brittle,  while  the  0.005-mm  material  did  exhibit  apparent  duc¬ 
tility  at  1800*C  and  above.  This  si  demonstrated  by  the  autographic  records 
in  Fig.  4-13  and  the  photographs  of  deformed  specimens  in  Fig.  4-14  through 
4-16.  The  load-compression  curves  suggest  that  at  1800*C  and  above  the 
fine  grained  specimens  first  yielded  and  then  plastically  deformed  in  a  man¬ 
ner  similar  to  a  ductile  metal.  However,  as  in  the  case  of  pblycrystalline 
MgO,  the  true  nature  of  this  yield  effect  is  not  known.  Two  possibilities 
exist; 

(1)  Yielding  was  associated  with  the  onset  of  gross  plastic  deforma¬ 
tion  within  the  bulk  of  the  specimen  as  in  the  case  of  a  ductile 
metal, 

(2)  Yielding  represented  the  commencement  of  extensive  grain  bound¬ 
ary  sliding  resulting  from  the  fact  that  at  these  temperatures  the 
grain  boundaries  represent  regions  of  weakness  rather  than 
strength.  As  a  result  of  the  sliding  process,  microcracks  formed 
at  the  grain  boundaries  which,  with  Increasing  striln  developed  in¬ 
to  Intergranular  fissures.  Thus  the  stress  at  which  yielding  oc¬ 
curred  probably  represents  the  stress  at  which  profuse  intergranu- 
Ur  cracking  was  initiated. 

The  experimental  evidence  tends  to  support  the  latter  possibility. 
Metallographic  examination  of  specimens  deformed  at  1900*C  indicated 
that  although  the  extent  of  deformation  was  not  uniform  (Fig.  4-17),  ex¬ 
tensive  intergranular  cavitation  had  developed  in  the  heavily  strained  areas 
as  shown  in  Fig.  4-18.  In  those  regions  restrained  from  flowing,  1.  e.  ad¬ 
jacent  to  the  compression  rams,  the  microstructure  showed  little  change 
(Fig,  4-19).  In  addition,  there  was  no  evidence  of  any  change  in  grain 
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Te»t  Temperature  -  ‘C 
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Fig.  4-13  AUTOGRAPHIC  RECORDS  OF  LUCALOX  AT  VARIOUS 
TEST  TEMPERATURES 


Fig.  4-14  LUCALOX  SPECIMENS  BEFORE  AND  AFTER  TESTING 
UNDER  COMPRESSIVE  LOADING  AT  1600®C 

Grain  Siaa  ■  0.  009  mm 


Fig.  4-15  LUCALOX  SPECIMENS  BEFORE  AND  AFTER  TESTING 
UNDER  COMPRESSIVE  LOADING  AT  1700^ 

Grain  Siae  =  O.  OCSmm 
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rig.  4-16  LUCALOX  SPECIMENS  BEFORE  AND  AFTER 
TESTING  UNDER  COMPRESSIVE  LOADING  AT 
1900”C  Grain  Sia*  *  O.OOS 


Fig.  4-17  CROSS  SECTION  OF  CRAIN  SIZE  Q.  005  mm 
LUCALOX  COMPRESSED  AT  1900”C  X4 

Co^^>r•■•ion  axis  vertical.  Not*  non-uniform 
•train  pattern. 
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Fig.  4-18  PHOTOMICRCXJRAPH  OF  LUCALOX  SPECIMEN 
(Crain  lize  0.  005  mm)  COMPRESSION  TESTED 
AT  1900°C 

(Not#  axtanaiva  intergranular  fisiuring  accompany 
ing  deformation. ) 


•i 


V 


y 


1 


*k 


Fig.  4-19  PHOTOMICROGRAPH  OF  ZONE  NEAR  COM¬ 
PRESSION  PLATENS  IN  LUCALOX  SPECIMEN 
(Grain  else  0.  005  mm)  COMPRESSED  TESTED 
AT  1900°C  X250 

(Note  abeence  of  fieeuring  in  this  constrained  zone 
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■http*  •  result  of  compreiaion,  which  ■uggests  that  the  grains  did  not 
undergo  any  appreciable  plastic  strain.  It  was  concluded,  therefore,  that 
the  deformation  process  and  the  observed  ductility  were  associated  with 
grain  boundary  sliding  and  intergranular  flesuring  similar  to  that  observed 
in  creep  proeeaeee,  rather  than  any  gross  deformation  of  the  individual 
gralni. 

Examination  of  specimeni  exhibiting  completely  brittle  behavior 
indicated  that  failure  was  due  entirely  to  intercryetalline  cracking. 

The  fracture  stress  data  obtained  at  1600*C  and  1900*C  has  been 
subjected  to  a  Petch-style  analysis,  and  as  indicated  in  Fig.  4*.20,  a  linear 
relationship  between  the  three  grain  sise  levels  is  not  obtained.  This,  in 
some  respects,  is  not  surprising  since  the  0>005*mm  material  contains 
porosity  mV^d,  as  discussed,  seems  to  be  behaving  quits  differently  from 
the  other  Lucalox  specimens.  At  1900*C,  the  fracture  stress  values  plotted 
for  the  fine>grainsd  material  are  probably.not  true  values  since  deformation 
may  be  taking  place  by  an  entirely  different  mechanism  at  this  temperature 
than  that  operative  at  1600*C,  The  data  is,  therefore,  inconclusive  and 
soma  further  tests  at  other  grain  sise  levels  are  required  before  the  appli¬ 
cability  of  the  Patch  equation  to  Lucalox  can  be  established. 

It  should  bo  mentioned,  in  passing,  that  the  Petch-type  dependence 
of  strength  on  grain  sise  presupposes  that  the  failure  mechanism  remains 
the  same  for  the  materials,  which  is  patently  not  the  case  for  thd  5-^ 
grain  Lucalox.  Therefore,  future  work  will  also  inquire  into  the  grain 
sise  at  which  the  failure  mechanism  changes  from  rigid  cracking  to  inter¬ 
granular  fissurlng  by  grain  boundary  sliding,  and  the  variation  of  this 
critical  grain  sise  with  testing  temperature. 

5.  CONCLUSIONS 

The  present  investigation  has  led  to  the  following  conclusions; 

A.  The  fracture  strengths  in  uniaxial  compression  of  both  poly¬ 
crystalline  MgO  and  Lucalox  of  high  density  show  a  marked 
temperature  dependence  in  the  range  900  -  1600*C  and  1600  - 
1900*  respectively.  This  variation  in  strength  is  also  ac¬ 
companied  by  a  change  in  the  mode  of  fracture  which  showed 
a  similar  trend  in  both  oxides. 

'^96. 


Fig.  4-20  PETCH-TYPE  ANALYSIS  OF  THE  FEACTURE 
STRESS-GRAIN  SIZE  DATA 
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B.  The  fracture  strength  of  Lucslox,  in  general,  increased 
with  decreasing  grain  liae,  However,  the  fine  grain  ma¬ 
terial  (0.005-mm  grain  sice)  did  deviate  from  this  behavior 
above  1600*C.  This  was  attributed,  In  part  at  least,  to  the 
presence  of  porosity  in  this  material. 

C.  A  Peteh-type  analysis  of  the  fracture  stress  ( vy)  -  grain 
sirs,  d,  data  obtained  at  1600*C  and  1900*C  proi'ed  incon¬ 
clusive  because  of  the  anomolous  behavior  of  the  fine-grained 
specimens  and  the  absence  of  further  oy  -  d  data. 

O.  There  was  evidence  of  apparent  ductility  in  both  XigO  at  1600*C 
and  Lucalox  at  1900*C.  However,  in  the  case  of  Lucalox,  the 
ductility  was  traceable  to  a  grain  boundary  sliding  mechanism 
rather  than  gross  plastic  deformation  of  the  bulk  iTiaterlal. 

In  polycrystalline  MgO  this  mechanism  may  also  have  been 
operative  although  metallographie  evidence  did  suggest  that 
some  true  plastic  deformation  of  the  grains  may  also  have 
occurred.  It  appears,  therefore,  that  the  possibility  of  ob¬ 
taining  true  ductility  is  greater  in  polycrystalline  MgO  than 
Lucalox.  This  conclusion  might  reflect  basic  differences  in 
the  slip  mechanisms  and  the  crystallographic  structures  of 
these  oxides. 

S,  At  1600*C,  the  fracture  strength  of  Lucalox  is  approximately 
twice  that  of  polycrystalline  MgO  of  the  same  grain  sixe. 
Lucalox  is  also  considerably  more  brittle  than  MgO  at  this 
temperature. 

F.  Metallographie  examination  of  fractured  specimens  of  both 
MgO  and  Lucalox  indicated  that  failure  always  occurred  by 
intergranular  fracture. 

G.  A  hot-prrssing  technique  wae  developed  for  producing  ultra- 
high  density  polycrystalline  MgO. 
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TASK  5  -  INTERNAL  FRACTION  MEASUREMENTS  OF  CERAMIC 

MATERIALS 


Principal  Investigator;  P,  D.  Southgate 

Armour  Research  Foundation 

ABSTRACT 


The  purpose  of  this  program  is  to  study  the  internal  friction  of 
ceramic  materials,  and  to  relate  observed  damping  behavior  to  the 
pinning  stresses  and  mobility  of  dislocations  characterising  the  mater¬ 
ials  studied.  A  highly  refined  experimental  equipment  has  been  con¬ 
structed,  which  allews  for  accurate  determinations  of  the  internal 
friction  in  carefully  supported  specimens  vibrating  as  free-free 
beams. 

Experimental  work  to  date  has  been  confined  to  MgO  single 
crystals.  It  was  found  that  the  amplitude  independent  component  of 
dislocation  damping  is  largely  independent  of  temperature  up  to  SOO^C, 
in  contrast  to  some  theoretical  predictions.  Furthermore,  the  behavior 
of  the  amplitude  dependent  component  also  contradicts  the  predictions 
of  the  Granato-Lucke  theory. 

Annealing  of  dislocation  damping  occurs  with  increasing  speed 
above  400^0  and  is  a  function  of  specimen  purity.  Complexes  consis¬ 
ting  of  trivalent  impurity-vacancy  pairs  exhibit  a  relaxation  peak  at 
230°C  (for  45  kc/s),  at  an  activation  energy  of  0.  63  -f  0.  02  eV.  These 
complexes  are  created  by  a  short  anneal  at  above  lOOboC;  a  lower 
temperature  anneal  causes  them  to  dissociate  until  an  equilibrium 
concentration  is  reached. 
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TASK  5  -  INTERNAL  FRICTION  MKASUREXtENTS  OT 

CERAMIC  MATERIALS 


1.  INTRODUCTION 

Internal  friction  and  the  hardneee  of  a  material  are  two  clo¬ 
sely  related  quantities,  the  softer  materials  nearly  always  having 
the  higher  internal  friction.  The  reason  for  this  is  straightforward: 
the  mechanism  inhibiting  crack  propagation,  that  of  damping  out  of 
propagation  energy  hy  mobile  dislocations,  is  exactly  the  same  as 
that  producing  dynamic  internal  friction.  Thus,  a  detailed  study  of 
internal  friction  mechanisms  should  give  information  on  the  way  in 
which  crack  energy  is  dissipated,  which  may  not  be  readily  obtained 
from  observations  of  crack  propagation  as  Such.  In  addition,  the 
dynamic  properties  of  other  crystal  imperfections  govern  hardening 
processes  as  well  as  participating  in  some  dislocation  damping 
mechanisms,  and  hence  will  be  likely  to  affect  the  fracture  mechan¬ 
ism  of  the  material.  Internal  friction  data  may  be  analysed  to  give 
values  of  several  parameters  associated  with  the  motion  of  such 
imperfections,  notably  the  activation  energies. 

Accordingly,  the  principal  goal  of  research  on  this  Task  is  to 
determine  the  nature  of  Internal  friction  of  ceramic  oxides  as  in¬ 
fluenced  by  temperature,  surface  treatment  and  the  density  of  pre¬ 
existing  dislocations  in  the  material.  These  results  ars  then  to  be 
compared  to  existing  theories  or  hypotheses,  in  order  to  relate  the 
observed  damping  behavior  with  the  qaechanlsms  that  can  account  for 
the  mobilisation  of  dislocations  In  the  host  lattice. 

The  investigation  described  here  was  conducted  on  single  cry¬ 
stals  of  MgO  of  commercial  origin,  dislocations  having  bean  intro¬ 
duced  into  the  specimens  by  room- temperature  deformation.  As  was 
anticipated  in  the  original  proposal,  the  nujor  portion  of  the  period  was 
spent  in  constructing  the  apparatus  for  internal  friction  measurements, 
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which  ic  dcBcribcd  in  dctnil  in  Section  2  below.  The  reeulte  that 
follow  are,  at  this  time,  limited  in  extent;  it  hae  not  yet  been  poaai> 
ble  to  give  a  complete  interpretation  of  the  obeerved  phenomena  al¬ 
though  Bome  aapeete  of  the  experimental  reeulte  obtained  are  fairly 
well  understood. 

(5-  11 

Discuesion  of  the  theory  of  brittle  fracture  by  Fetch'  pos¬ 
tulates  that,  at  least  in  metals,  the  criterion  for  crack  propagation 
is  that  the  damping  force  on  an  unlocked  dislocation  be  less  than  the 
surface  energy  of  crack  formation,  multiplied  by  a  certain  propor¬ 
tionality  constant  which  depends  on  the  length  of  the  relevant  slip 
plane  and  the  elastic  constants  of  the  material.  It  is  further  assumed 
that  the  surface  energy  contains  a  term  which  depends  on  the  stress 
required  to  unlock  a  dislocation  from  the  pinning  points,  usually  vis¬ 
ualised  as  individual  impurity  atoms.  If  the  type  of  fracture  is  to  be 
temperature  dependent,  one  would  anticipate  that  dislocation  damping, 
or  unlocking,  or  both  are  likewise  temperature-dependent  quantities. 

Internal  friction  measurements  givs  data  on  both  damping  and 
unlocking.  It  is  Interesting  to  note  that  results  to  be  presented  here 
show  very  little  temperature  variation  of  either  dislocation  damping 
or  unlocking,  at  least  between  room  temperature  and  the  range  in 
which  impurity  precipitation  occurs.  For  as-grown  crystals,  the  ob¬ 
servations  are  consistent  with  the  concept  that  dislocations,  as  re¬ 
vealed  by  etch-pits,  are  not  mobile  at  all.  Recent  electron  micro- 
graphs^^'^^  confirm  this  by  showing  the  strong  ball- and- chain  typo 
precipitation  around  such  dislocations.  Dislocations  introduced  from 
the  surface  during  deformation,  however,  do  remain  mobile,  and  it 
is  these  which  have  been  studied. 

Measurements  have  been  made  in  the  range  from  8  to  50  kc/s 
and  from  30  to  1350^C.  The  maximum  logarithmic  decrement  A 
measurable  was  of  the  order  lO’^,  and  the  background  damping  from 
the  support  wires  a  few  times  10’^.  Small  changes  of  resonant  fre¬ 
quency,  and  internal  friction  alone  was  studied.  The  temperature 
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variation  of  A  has  been  analysed  in  terms  of  three  pi‘<>cesBas: 
amplitude  independent  dislocation  damping,  amplitude  dependent 
damping  ascribed  to  dislocation  break-away,  and  a  damping  resulting 
from  relaxation  of  associated  vacancy- impurity  pairs.  In  each  case, 
the  data  raise  important  questions  which  cannot  as  yet  be  answered. 


2.  INTERNAL  FRICTION  APPARATUS 
A.  General  Description 

The  materials  which  are  to  be  measured  have,  at  least  at  low 

temperature^,  extremely  low  values  of  internal  friction.  This  fact 

limits  considerably  the  number  of  possible  methods  of  measuring 

internal  friction,  since,  in  any  system  utilising  direct  mechanical 

coupling  between  a  transducer  and  the  specimen,  the  damping  of  the 

transducer  would  probably  mask  that  of  the  specimen.  The  electro- 

(5-3) 

statically  coupled  system  first  devised  by  Bordoni'  '  avoids  this 
difficulty.  For  conducting  specimens,  a  plate  is  placed  a  small 
distance  from  the  specimen,  and  the  drive  potential  (at  the  specimen 
resonant  frequency)  is  applied  between  the  plate  and  the  specimen. 

If  the  mechanical  drive  is  to  be  of  the  same  frequency  as  the  applied 
electrical  signal,  it  is  necessary  also  to  apply  a  biasing  voltage  some¬ 
what  greater  than  the  applied  voltage.  In  addition,  motion  of  the 
specimen  will  change  the  capacitance  of  the  gap;  hence,  if  this  is 
made  part  of  a  high-frequency  tuned  circuit  connected  to  an  oscillator 
(36  mc/s  in  our  case),  a  frequency  modulated  output  proportional  to 
the  specimen  displacement  will  be  obtained. 

Electrostative  drive  forces,  for  conducting  specimens,  arise 
directly  from  the  uniform  field  between  the  specimen  and  the  drive 
plate.  In  the  case  of  a  dielectric  specimen,  a  uniform  field  produced 
by  this  arrangement  would  yield  no  attractive  force,  and  an  inhomo¬ 
geneous  field  is  required.  This  is  produced  by  the  grid  shown  in 
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Fig,  5-1.  Two  aota  of  bara  ara  connected  alternatively  to  wirea 
aeroea  which  the  drive  ie  applied.  Near  the  aurface  of  the  grid,  the 
field  ia  very  inhomogeneoue  and  a  dielectric  apecimen  will  be  at¬ 
tracted  toward  it;  the  eyetem  worka  like  a  magnetic  chuck  ae  uaed  on 
milling  machinea.  Similarly,  motion  of  the  dielectric  towarda  or 
away  from  the  grid  eurface  will  change  the  capacitance  between  the 
two  aeta  of  bara.  An  approximate  theory  of  the  magnitude  of  the  ef¬ 
fect  ia  given  in  Section  2E. 

There  are  aeveral  waya  of  obtaining  valuea  for  internal  friction. 
The  moat  deairable,  giving  an  inatantaneoua  meter* reading  value,  ia 
to  compare  drive  power  with  the  oacillatlon  amplitude  which  la  excited. 
Unfortunately,  thia  ia  not  applicable  to  electroetatic  drive  ayatema 
aince  the  drive  efficiency  cannot  be  determined  accurately.  The 
reaonance  width  can  be  uaed  to  determine  O  and  thia  method  haa  the 
advantage  that  each  meaaurement  ia  carried  out  at  a  fixed  amplitude; 
however,  it  ia  auaceptible  to  drift.  The  method  choae'n  ia  that  of 
plotting  the  free  decay  curve  of  the  apecimen.  The  output  from  the 
36  mc/a  oacillator  ia  amplified  and  fed  into  a  diacriminator.  After 
further  amplification  and  mixing  with  a  local  oacillator  the  aignal 
emergea  at  2  kc/a  with  the  decay  envelope  of  the  apecimen  oacillatlon. 
The  aignal  la  finally  diaplayed  on  a  logarithmic  recorder,  ao  that  an 
exponential  decay  envelope  appeara  aa  a  atraight  line.  Devlatlona 
from  the  exponential  form,  repreaenting  changea  of  internal  friction 
with  amplitude,  can  thue  be  readily  detected. 

A  block  diagram  of  the  whole  ayatem  ia  ahown  in  Fig.  5-2. 

Tha  drive  generator  ia  required  to  be  of  high  atability  ao  that  the 
frequency  may  be  held  on  the  narrow  apecimen  reaonance,  and  ao 
it  conaiata  of  a  main  oacillator  locked  into  a  high- atability  frequency 
meter- oacillator.  Aa  oacilloacope  diaplaya  the  Liaaajoue  figure  of 
drive  aignal  va.  apecimen  oacillatlon  aignal  (before  mixing)  thua  af¬ 
fording  a  eeaaitive  meaaa  of  detecting  reaonance. 
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rig.  5-1  PHOTOGRAPH  OT  DETECTINO  GRID 
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Fig.  5-2  BLOCK  DIAGRAM  OF  APPARATUS 


206 


A  general  view  ol  the  epparatue  is  shown  in  Fig.  5-3.  The 
majority  of  the  electronic  circuits  are  contained  in  the  rack  at  the 
left.  The  X- Y  oxcilloscope  and  the  logarithmic  recorder  are  on  the 
bench.  Further  to  the  right  appears  the  part  of  the  apparatus  con¬ 
taining  the  furnace,  vacuum  system,  specimen  and  detecting  oscilla¬ 
tor  (  "the  cart"),  while  the  furnace  supply  rack  is  to  the  extreme 
right.  The  furnace  is  suspended  by  anti-vibration  mounts;  connec¬ 
tion  to  the  all-metal  vacuum  system  is  made  via  a  flexible  bellows 
tube. 


B.  Unit  1;  Furnace  and  Specimen  Support 

The  furnace  is  required  to  work  in  a  vacuum,  to  reach  tem¬ 
peratures  in  excess  of  ISOO^C,  and  to  have  a  very  short  time  constant 
to  facilitate  quenching  experiments.  A  molybdenum  tube  furnace  will 
satisfy  such  requirements.  The  coaeiruction  is  seen  in  section  in 
Fig.  5-4.  The  furnace  body,  which  acts  as  the  vacuum  envelope,  is 
highly  polished  on  the  inside  to  reflect  heat  ^and  is  surrounded  by  a 
water  jacket.  Further  thermal  Insulation  is  provided  by  a  thin  cylin¬ 
drical  thermal  shield  within  the  body,  which  also  helps  keep  the 
polished  surface  free  of  evaporated  impurities.  The  heating  tube 
consists  of  a  0.  002-in.  molybdenum  foil  wrapped  into  a  tube  and 
clamped  by  end- rings,  being  held  in  tension  by  the  spring  and  bel¬ 
lows  arrangement  in  the  furnace  top  cap.  Potential  is  applied  be¬ 
tween  the  top  cap  and  the  body,  an  interposed  Oaring  acting  both  as 
vacuum  seal  and  electrical  insulation.  With  an  input  of  7.  5  v,  240  A, 
a  temperature  of  1400OC  is  attained. 

The  specimen  is  shown  in  Fig.  5-4  supported  so  that  it  is  ex¬ 
cited  into  flexural  oscillation.  The  grid  is  held  close  to  the  center 
section  of  the  side,  and  the  specimen  supported  by  two  fine  tungsten 
wires  passing  through  holes  drilled  through  the  nodal  points.  Screw 
adjustments  on  the  base-plate  hold  the  wires  in  tension  across  the 
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fig-  S-3  GENERAL  VIEW  OF  APPARATUS 
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top  of  a  square  election  tantalum  tuba.  For  conducting  apecimena, 
the  tantalum  tube  la  replaced  by  an  Insulating  one  of  silica  or  alu¬ 
mina  so  that  the  specimen  may  be  usad  as  one  drive  electrode.  The 
ceramic  support  for  the  grid  passes  up  the  center  of  this  tube,  and 
a  micrometer  screw  and  lateral  adjustments  beneath  the  base-plate 
allow  setting-up  and  calibration  adjustment  of  the  grid- specimen  gap 
to  be  made. 

Fabrication  of  the  grid  is  a  matter  requiring  some  care.  Moly¬ 
bdenum  wires  0.01 -in.  in  diameter  are  laid  parallel,  being  separated 
by  0.  005-in.  diameter  wire.  Alternate  wires  are  then  spot-welded  to 
either  of  two  pairs  of  tantalum  cross-bars,  and  the  ends  of  the  grid 
wires  cut  off.  After  bending  so  that  ths  two  sets  of  cross-bars  ars 
not  in  contact  with  the  wires,  the  grid  is  spot-wsldsd  to  wires  fixed 
into  the  end  of  the  ceramic  support  rod.  The  assambly  is  then  set  in 
wax,  leaving  the  face  expoaed  so  that  it  can  be  polished  flat  to  remove 
slight  distortions.  Finally,  the  wax  la  melted  away. 

C.  Electronic  Circuite 

Unit  2;  Discriminator  Amplifier 

The  circuit  Is  shown  In  Fig.  5-5.  The  36-mc/s  input  enters  at 
a  level  of  about  1  volt,  ia  amplified  by  the  6AK5  tube  and  is  fed  di¬ 
rectly  into  the  Foster-Seeley  discriminator  circuit  in  the  tube  anode 
circuit.  The  discriminator  out -put  is  filtered  (560/L  ,  47^^  F) 
and  travels  via  SW  1/Z,  shorted,  to  the  first  amplifier  tube.  The 
meter  in  the  cathode  measured  the  d-c  component  of  discriminator  out¬ 
put,  corresponding  to  the  center  frequency  of  the  input  aignal.  .After 
filtering  of  low  frequency  componenta,  the  signal  passes  to  a  mixer 
bAU6  tube,  which  has  a  large  additional  signal,  2  kc/s  higher  than  the 
amplified  aignal,  applied  to  the  cathode  through  SK  3/2.  The  anode 
circuit  has  variable  band-width  cantered  on  2  kc/a.  The  subaequent 
amplifier  haa  more  filtering  to  remove  the  local  oscillator  signal  and 
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Fig.  5-5  DISCRIMINATOR  AND  AMPLIFIER 
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36  mc/f  leakage.  Alternately,  SW  4/2  allow#  the  an^llfier  to  b« 
up#d  for  a  straight  1  to  10  kc/a  amplification,  since  It  would  not  be 
posfible  to  filter  out  local  oscillator  signal  well  enough  below  10  kc/s. 
The  final  output  to  the  recorder  is  from  a  cathode  follower. 

The  discriminator  response  curve  as  indicated  by  the  meter  for 
an  RF  input  of  1  volt  is  shown  in  Fig.  5>6.  The  linear  portion  extends 
over  1.  2  mc/s  showing  that  the  maximum  frequency  of  mechanical 
oscillation  that  can  be  measured  accurately  using  the  d-c  calibration 
is  600  kc/s.  Undistorted  decay  curves  will  be  obtai  jd  for  higher 
frequencies,  however.  The  overall  gain  of  the  lower  frequency  ampli¬ 
fier-mixer  circuit  from  the  grid  of  the  first  6CB6  to  the  output  is 
1.  3  X  10^;  the  equivalent  input  voltage  corresponding  to  noise  and 
local  oscillator  break-through  is  3yu  V  at  50  kc/s.  The  amplifier 
gain  can  be  checked  by  tl^e  calibrating  networks  on  SW  1/2,  SW  2/2 
using  a  monitored  signal  of  the  drive  frequency  from  Unit  3.  Chang¬ 
ing  the  switch  to  the  calibrating  positions  puts  a  filter  circuit  in 
which  removes  the  a-c  component  of  discriminator  output  while  re¬ 
taining  the  d-c  bias  so  that  the  amplifier  gain  does  not  change. 

Unit  3;  Drive  Amplifier 

The  circuit  is  shown  in  Fig.  5-7.  The  input,  varying  from  5  to 
200  kc/s  at  a  level  of  approximately  1  volt  passes  through  one  stage  of 
untuned  amplification  before  the  final  inductively  loaded  power  stage. 
The  tuning  is  broad  and  various  bands  are  selected  by  SW  1/3.  A  max¬ 
imum  output  voltage  of  180  v  rms  can  be  obtained  from  the  circuit:  a 
voltage  divider  gives  a  small  monitored  output  for  Unit  2. 

Unit  4;  High  Stability  Generators 

Two  generators  are  required:  one  for  the  drive  oscillator  and 
the  other  for  the  mixing  oscillator.  The  circuit  of  each  generator  is 
shown  in  Fig.  5-8.  It  is  a  modified  frequency  meter:  government  type 
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Fig.  5-6  DISCRIMINATOR  CURVE 
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Fig.  5-8  HIGH  STABILITY  GENERATCXl 


BC221.  The  modification,  in  the  anode  of  the  VT  167  tube,  allows 
the  primary  oscillator  frequency  rather  than  the  beat  frequency  to 
be  amplified,  although  the  beat  output  is  still  retained  for  checking 
the  variable  oscillator  frequency  against  the  standardising  crystal. 

It  is  the  short-term  stability  of  this  generator  that  is  important. 

Beating  the  output  against  a  crystal  oscillator  showed  that  the  short¬ 
term  stability  at  120  kc/s  was  of  the  order  0.  03  c/s,  and  that  the 
drift  over  10  rninutes  was  less  than  3  c/s.  A  10-v  change  of  the  H.  T, 
moved  the  frequency  by  3  c/s.  These  shifts  are  sufficiently  low  for 
the  purposes  of  these  experiments.  The  generators  are  mounted  on 
flexible  supports  to  reduce  frequency  shift  due  to  vibration  or  frame 
distortion. 

Unit  5;  Frequency  Dividers 

The  frequency  meters  give  a  signal  from  120  to  250  kc/s,  and 
the  range  to  be  covered  is  5  to  200  kc/s.  Hence,  frequency  division 
is  needed.  The  circuit  is  shown  in  Fig.  5-9i  there  is  one  such  cir¬ 
cuit  for  either  generator.  Two  blocking  oscillators  are  used.  The 
first  is  triggered  by  the  incoming  sine  wave  from  the  frequency 
meters  and  converts  the  signal  to  a  pulse  train  of  the  same  frequency. 
The  second  is  free  running  and  locks  into  a  submultiple  of  the  input. 

Note  that  the  connection  is  such  that  the  second  blocking  oscillator  is 
triggered  not  by  the  initial  rise  of  the  first  but  by  the  ringing  return, 
the  first  transformer  being  slightly  underdamped.  This  arrangement 
was  found  to  be  the  most  stable.  Care  has  to  be  taken  to  set  the  free 
tunning  frequency  fairly  close  to  a  submultiple  of  the  master  oscillator 
frequency  or  irregular  triggering  will  result.  The  triangular  wave  out¬ 
put  from  the  grid  was  found  to  be  most  convenient  for  triggering  the  fol¬ 
lowing  oscillators. 

Units  6  and  7;  Locked  Oscillators 

Hewlett-Packard  oscillators  Type  200  OR  are  employed  here. 

One  is  fed  into  the  mixer  circuit,  8K  3/2  od  unit  2,  and  the  other  to 
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the  final  drive  output  SK  1/3  of  unit  3.  The  oscillatura  use  a  Wein 
bridge  circuit  which  is  not  intrinsically  very  frequency-stable,  but 
which  can  be  readily  locked  to  the  output  from  unit  5  by  a  F 

capacitor  connected  to  the  grid  of  the  first  oscillator  tube.  Complete 
locking  was  obtained  for  jh  2  percent  of  dial  setting. 

Unit  8;  Recorder 

Checks  on  several  commercially  available  logarithmic  recorders 
showed  the  Bruel  and  KJaer  Type  2305  to  be  the  faatest  and  most  reli¬ 
able.  The  maximum  writing  speed  is  1000  db/sec;  if  one  then  takes 
300  db/sec  as  being  measurable,  this  limits  the  maximum  log.  decre- 
ment  that  can  be  measured  to  5  ic  10'’’  at  10  kc/s  and  5  x  10**  at  100 
kc/s.  However,  at  these' relatively  high  damping  values,  resonance- 
width  measurements  become  sufficiently  accurate  to  use,  replacing 
decay-time  measurements. 

Unit  9!  Cart  and  Detector  Circuits 

The  cart  circuits,  shown  in  Fig,  5-10,  consist  of  a-c  supplies 
to  the  pumps  and  vacuum  gauge,  together  with  a  water-pressure 
actuated  switch  to  protect  the  furnace  and  diffusion  pump. 

The  detector  circuit  is  shown  in  Fig,  5-11,  The  36  mc/s  oscil¬ 
lator  is  loosely  coupled  to  minimise  fluctuations  in  frequency  which 
are  due  to  the  tube,  and  has  a  small  extra  tuning  capacitor  in  addition 
to  that  formed  by  the  grid  and  leads.  A  cathode  follower  stage  feeds 
the  twin  shielded  Uad  to  the  disc rimihator -amplifier  with  a  signal  of 
about  1-v  amplitude. 

Unit  1 1 :  Furnace  Control 

This  consists  of  a  West  Instrument  "Cardsman"  furnace  supply 
unit.  A  saturable  core  reactor  is  controlled  by  a  thermocouple  in 
the  furnace.  The  furnace  is  fed  from  these  circuits  through  a  step- 
down  transformer;  Jefferson  type  248-171. 
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Fig.  5-11  DETECTOR  CIRCUIT 


Unit  12;  Vacamn  Gauie  and  Powr  Unit 


A  relatively  eimple  (Veeco  type  DG-2)  Philipa  vacuum  meuge 
ia  being  uaed  to  determine  preaaure  leveli  in  the  teat  encloaure. 

The  power  unite  are  atandard  commercial  unite  giving  atabil- 
iced  euppliea  ot  the  following  valuea:  250  v,  l60mA;  180  v,  45  mA, 
200  V  to  800  V,  1  mA;  and  alao  6.  3>v  heater  aupplica. 

Unit  16:  Plug  Interchange 

Figurea  5-11  and  5-12  ahow  thia  unit.  It  containa  a  awitch 
which  aimultaneoualy  cute  off  the  drive  generator  amplifier  and 
the  biaa  euppliea,  thua  removing  any  Interference  which  might 
otherwiae  ociur  in  the  recording  of  the  apeclmen  decay-curve. 
Capacitora  can  alao  be  awitched  to  alow  down  the  ahut-off  rate 
of  the  blae  voltage.  Thia  arrangement  ia  needed  aince  for  aome 
typea  of  apecimen  mounting  a  rapid  ahut-off  waa  found  to  produce 
bouncing  of  the  apecimen,  with  a  conaaquent  modulation  of  the 
decay  curve.  A  further  awitch  allowa  monitoring  of  either  the 
apecimen  reaonance  or  the  frequency  divider  circuita. 

D.  Operation  of  Syatem 

To  obtain  reliable  reaulta,  it  ia  neceaaary  to  reduce  the 
noiae  to  the  loweat  level  and,  for  the  higher  valuea  of  damping, 
to  have  a  aufficient  broad  paaa  band.  The  narroweat  band  glvea 
the  greateat  noiae  reduction,  although  ita  uae  would  cauae  con- 
aide  rable  error  for  logarithmic  decrementa  greater  than,  aay, 

10*^  at  100  kc/a.  It  la  alao  convenient  to  uae  broader  banda  if  the 
apecimen  temperature  drift  ia  at  all  rapid,  aince  otherwiae  the 
conaequent  change  of  frequency  during  decay  can  produce  an  ef¬ 
fective  change  of  amplifier  gain. 
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Fig.  S-13  shows  the  ovsrsll  dstsctor  curve:  Unit  2  meter 
reeding  plotted  against  gap  width  as  read  on  the  micrometer.  At 
a  gap  width  of  0.  1  mm,  the  sensitivity  is  5  microvolts  per  Ang¬ 
strom.  For  a  gap  utilising  a  plate  and  conducting  specimen,  the 
sensitivity  is  about  ten  times  as  great.  Determination  of  absolute 
vibration  amplitudes  of  a  heated  specimen  is  not  easy,  however, 
since  relative  movement  of  the  grid  wires  can  change  the  capaci¬ 
tance  and  hence  produce  an  uncertainty  in  the  gap  width.  It  is  pro¬ 
posed  in  the  future  to  install  a  calibrating  system. 

It  has  been  found  necessary  to  support  the  specimen  by  wires 
passing  through  holes,  to  reduce  the  extraneous  damping  to  a  suf¬ 
ficient  low  value.  Four-wire  suspension,  with  the  wires  gripping 
either  side,  was  found  to  be  unsuitable.  Even  with  the  present 
system,  occasional  high  values  of  damping  are  attributable  to  wire 
friction,  probably  occurring  as  the  wire  slips  during  heating.  The 
background  friction,  however,  with  a  specimen  20  x  4  x  2  mm,  is 
only  about  10*^. 


E.  Grid  Capacitance  Change 


An  analytic  form  for  the  capacitance  between  the  sets  of  grid 
wires  for  arbitrary  spacing  of  the  dielectric  medium  would  be  ex¬ 
ceedingly  complicated  to  compute.  The  argument  that  follows  . 
gives  a  value  for  the  sensitivity  of  the  system  at  a  spacing  which 
would  represent  a  reasonabls  working  point. 

Smythe^^*^^  obtained  an  equation,  derived  by  a  conformal  trans¬ 
formation  method,  for  the  capacity  in  the  fringing  field  between  two 
sets  of  bars  of  width  a  and  spacing  g  ;  this  is  given  by 
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where  ii  the  capacitance  of  free  space,  w  ia  the  breadth  of 

the  grid,  and  n  ia  the  number  of  gaps, 

If  we  now  aaaume  that  this  fringing  field  is  confined  to  the  re¬ 
gion  above  the  grid  plane,  and  that  insertion  of  a  medium  of  dielec¬ 
tric  constant,  K,  in  the  region  does  not  change  the  flux  distribution 
below  the  plane,  then  the  change  in  capacitance  due  to  the  medium 
will  be 

eS  Q  =  (K  -  1)  C  (5-2) 

!f  the  medium  is  mcyed  away,  it  can  safely  be  assumed  that  at 
n  distance  equal  to  the  gap,  g,  the  extra  capacity  due  to  the  medium 
will  be  a  fraction  of  C,  less  than,  say,  one  half.  Thus,  at  some 
point  between  this  spacing  and  contact,  dC/dy  will  assume  the  value 
J  C/g,  This  point  will  represent  a  useful  working  point. 

Inserting  values  of 

w  =  5  X  10  m 

K  ::  10 

a  s  5  g 

n  =  10 

g  =  10‘^  m 

into  Eq.  5-i,  solving  for  C,  and  setting  =  g  dC/dy,  one 

=  1.3xl0’^Fm"' 

la  cycles  per  Angstrom  displacement. 


obtains  from  Eq.  5-2, 
(^) 

and 

df  1  f  dC 
-  I  75  -Hy  = 
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3.  PREPARATION  OF  SPECIMENS 


Single  cryetale  of  MgO  used  in  this  study  Vi's  re  obtained  either 
fjfom  the  Norton  Company  or  from  Semi-Elements,  Inc. ,  with  max¬ 
imum  dimensions  of  the  order  of  one  inch.  These  crystals  were 
cleaved  or  cut  into  several  parallel  specimens.  Each  specimen  is 
identified  by  a  number  containing  four  digits;  the  first  three  digits 
represent  the  parent  crystal  and  the  last,  the  specimen  itself. 
Table  5-1  gives  a  spectrochemical  analysis  for  four  pieces,  102, 

105,  and  107  from  Norton,  and  108  from  Semi-Elements.  Number 
111,  mentioned  later,'  also  was  obtained  from  Semi-Elements,  In 
some  cases,  a  very  slight  milkiness  or  yellow  coloration  of  the 
crystal  was  visible. 


Table  5-1 

SPECTROCHEMICAL  ANALYSIS  OF  SINGLE  CRYSTAL 

MgO  SPECIMENS 


Specimen 

Impurity, 

(ppm) 

A1 

Ca 

Ct 

Cu 

Fe 

Mn 

81 

1000 

600 

2 

600 

!■ 

10 

H 

600 

m 

2 

600 

D 

5 

107 

200 

£11 

2 

600 

19 

5 

108 

200 

200 

i 

2 

400 

30 

5 

Two  types  of  specimen  shape  were  used;  a  beam  and  a  tuning- 
fork  shape.  These  are  shown  in  Fig.  5-14.  The  beam  specimens 
were  about  2-cm  long,  4-nun  wide,  and  wore  cleaved  into  sections 
1.  5  to  3  mm  thick.  They  were  used  in  the  fundamental  flexural 
mode  of  oscillation  supported  through  0.  01-in.  holes  drilled  ultra- 
sonically  through  at  the  nodes  (0.  224/  from  the  end).  The  funda¬ 
mental  natural  frequency  of  these  varied  between  20  and  50  kc/s,  as 
obtained  from  the  Rayleigh  formula  (valid  for  shallow  beams); 

9  '?»'  rE“  d 
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HE 


Fig.  5-14  SHAPES  OF  SPECIMENS 
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The  tuning-fork  apeclmen  wk*  a1*o  about  2-cm  long,  and  waa  cut 
to  shape  with  a  diamond  wheel.  Since  it  effectively  consists  of  a 
pair  of  bars  in  fixed-free  vibration,  a  much  lower  frequency  can  be 
obtained  for  a  bar  of  given  thickness.  However,  support  difficulties 
are  much  greater;  not  only  is  the  support  weak  due  to  the  one-sided 
arrangement  (allowing  an  exaggerated  bouncing  of  the  bar  to  occur), 
but  the  stem  of  the  fork  is  not  a  true  node.  Hence,  losses  along  the 
mounting  wiras  are  much  greater  than  in  the  case  of  a  straight  bari, 

Dislocations  were  introduced  by  bending  at  room  temperature, 

(5-5) 

using  the  method  of  Stokes'  Bars  were  cleaved  slightly  over- 

siae,  etched  for  4  min  in  boiling  orthophosphoric  acid,  being  sus¬ 
pended  by  light  end-clamps,  and  then  washed  immediately  in  boiling 
water.  Alter  sprinkling  with  200-mesh  silicon  carbide,  the  bars 
were  bent  through  an  angle  of  several  degrees  (Judged  by  eye)  in  a 
3-point  device  which  applied  a  constant  load  (lever,  bucket  and  lead 
shot).  Upon  removal  of  the  specimen  the  bend  angle  measured,  and 
the  procedure  repeated  to  bend  the  specimen  straight  again.  Yield 
stresses  were  quite  consistent  for  all  samples.  Figure  5-15  shows 
a  plot  of  applied  moment  versus  beam  thickness;  the  variation  is, 
as  expected,  close  to  the  square  of  the  thickness. 

Immediately  prior  to  mounting  in  the  apparatus,  specimens 
were  etched  for  about  1  hour  in  HCl  ‘f  NH^Cl.  This  is  a  slow,  non¬ 
polishing  etch,  employed  so  that  any  small  cracks,  say  around  the 
support  holes,  would  be  opened  up  until  the  sides  did  not  touch  dur¬ 
ing  specimen  oscillation.  Thus,  excess  damping  due  to  the  cracks 
would  be  eliminated  without  removing  too  much  material.  In  addi¬ 
tion,  etch-pits  on  the  deformed  crystals  revealed  the  slip  line  pat¬ 
tern,  although  the  pits  were  usually  too  closely  spaced  to  show  the 
individual  dislocations. 


¥i«id  Moment  per  Unit  Widtii.  kg 


Fig. 


5-15  YIELD  MOMENT  VS.  BEAM  THICKNESS 
FOR  MgO  SINGLE  CRYSTALS  AT 
ROOM  TEMPERATURE 
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4.  E^XPERIMENTAL  RESULTS  AND  DISCUSSION 

A,  Amplitude  Independent  Ditlootion  Pimping 

In  general,  the  internal  friction  wae  found  to  be  a  function  of 
amplitude  of  oscillation,  increasing  at  the  higher  amplitudes. 

Figure  5>l6  shows  a  typical  curve.  It  is  here  tentatively  assumed 
that  this  curve  is  composed  of  two  more  or  less  independent  com¬ 
ponents;  an  amplitude  independent  part,  and  an  amplitude- 
dependent  component,  which  becomes  effective  above  a  cer¬ 

tain  amplitude.  Thus, 

A  =  Ai  +  Ah  (5-3) 

DeltSj  is  associated  here  with  dislocation  relaxation;  ^  d*  which 
will  be  discussed  in  the  following  section  is  identified  with  break¬ 
away. 

Amplitude  Independent  dislocation  damping  in  deformed  metals 

and  semi-conductors  usually  shows  a  strong  tsmpsratiiro  dependence. 

At  low  temperatures,  the  Bordoni  peak^^'^*  5-7)^  appears,  dus  to 

thermal  excitation  across  the  Phierls  force  barrier,  while  at  higher 

(5-S  5-9) 

temperatures  there  is  a  rapid  rise  of  damping'  ’  Reports 

on  dislocation  damping  are  not  very  numerous  in  ionic  materials. 
Work  in  NaCl  at  room  temperature^®’^®’  5-11)  ghown  that  the 
Granato-Lucke^®'^^^  theory  successfully  explains  the  annealing  of 
dislocation  damping  by  condensation  of  vacancies  produced  by  plas¬ 
tic  deformation  or  X-irradiation.  At  lower  temperatures,  results 

(5-13  5-14) 

in  other  alkali  halides'  ’  '  have  shown  the  importance  of 

electronic  and  ionisation  processes  in  pinning  dislocations.  Except 
in  the  rather  limited  relaxation  region,  the  temperature  dependence 
of  damping  below  room  temperature  was  found  to  be  small.  A  de¬ 
tailed  investigation  of  the  temperature  dependence  of  damping  in  the 
alkali  halides  above  room  temperature  has,  however,  yet  to  be  made. 
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SPECIMEN  #1074 
CURVE  22/62 


Rettults  to  d&te  on  MgO  are  interesting  in  that  the  temperature  de> 
pendence  oi  dislocation  damping  appears  to  be  rather  small.  Typ¬ 
ical  curves  are  shown  in  Fig.  5-17  and  5-18,  presenting  sequential 
dislocation  damping  measurements  taken  during  warm-up,  anneal, 
and  copUng  (or  three  specimens.  The  amplitude  independent 
is  shown.  It  is  evident  that  the  curve  shape  is  repeatable,  varying 
only  in  a  factor  of  proportionality  for  different  anneals  and  original 
deformations.  Above  400°C,  annealing  occurs  too  rapidly  to  allow 
accurate  determination  of  the  curve. 

The  Granato-Lucke  theory  of  dislocation  relaxation  sets  up  the 
equation  of  motion  for  the  dislocation  as 


^  being  the  dislocation  displacement  at  y  along  its  length,  b  the 

Burgers  vector  and  d*  the  applied  stress.  B  is  a  damping  constant, 

and  its  temperature  independence  determines  the  variation  of  inter- 

<5-71 

nal  friction  with  temperature.  Either  the  Seeger'  '  or  the  Weert-^ 
(5-81 

man'  '  mechanisms  damping,  however,  give  too  rapid  a  temper¬ 
ature  variation  to  fit  the  experimental  curves.  Attempts  have  been 
made  to  broaden  the  peaks  produced  by  these  mechanisms  until  a 
better  fit  is  produced;  however,  it  appears  that  unreasonably  large 
variations  of  dislocation  behavior  within  a  given  specimen  are  re¬ 
quired  to  account  for  the  curve  in  this  manner.  This  situation  points 
out  the  need  to  develop  a  new  theoretical  mechanism  giving  a  temper¬ 
ature-independent  B  in  ionic  crystals.  This  line  will  be  pursued 
in  future  work. 

The  kinetics  of  annealing  also  present  an  unsolved  problem.  It 
was  hoped  to  extract  an  activation  energy  for  the  process  by  compar¬ 
ing  anneal  rates  at  different  temperatures  for  similar  crystals. 

Figure  5-19  shows  the  decremental  damping  as  a  function  of  annealing 
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Fig.  5-19  ANNEALING  OF  DISLOCATION  DAMPING  FOR  FOUR  SPECIMENS 


time  tor  lour  •pocinMna.  Examination  of  tha  curvaa  ravaals  that, 
if  vacancy  or  impurity  condensation  is  occurring,  more  than  one 
process  must  be  involved  in  the  anneal,  since  an  increase  of  tem-^j.^^ 
perature  for  a  single  process  wotild  shift  the  curve  only  to  the  left  ; 
the  observed  increase  of  slope  (on  this  log-log  plot)  between  specimens 
1115  at  400^  and  1113  at  500^  would  not  be  produced.  On  the  other 
hand,  it  is  possible  that  dislocation  recombination  or  interaction  of 
soma  kind  is  occurring.  In  this  case,  the  somewhat  higher  disloca¬ 
tion  density  of  1113  (deformed  through  twice  the  angle  1115)  might 
account  for  the  higher  slope.  However,  the  slope  of  1074  is  almost 
as  high  as  that  of  1113  although  it  was  annealed  well  below  500°C, 
and  was  bont  through  only  1.  Z^.  Obviously  more  Jata  are  required. 

It  should  be  noted  that  tha  curves  can  in  no  way  be  fitted  to  the  for¬ 
mula  of  Oranato^*'^®^ 

«  const.  (1  -yfl  t^^^)  (5-5) 

since  a  plot  of  A  vs.  t^^^  deviates  markedly  from  the  linear 
for  both  1113  and  1115. 

Further  anneal  at  750°C  caused  a  drop  in  Aj  of  the  Norton 
crystal  down  to  much  the  same  values  seen  in  the  undeformed  cry¬ 
stal.  Figure  5-20  shows  a  comparison  of  the  two  crystals  over  the 
rangs  lOO^C  to  600^C.  A  similar  anneal  in  one  of  the  purer  Semi- 
Elements  crystals,  however,  did  not  reduce  to  the  same  low 
value.  This  indicated  that  impurity  precipitation  on  dislocations  is  a 
likely  mechanism  producing  the  locking.  Because  of  insufficient 
measurements,  the  kinetics  of  this  precipitation  cannot  be  evaluated 
at  present. 

B.  Amplitude  Dependent  Dislocation  Damping 

Nearly  all  measurements  show  some  amplitude  dependence  of 
^  .  Although  it  is  present  in  undeformed  specimens,  its  enhance¬ 
ment  by  plastic  deformation  indicates  that  it  is  almost  certainly  pro¬ 
duced  by  dislocations.  According  to  the  Granato-Lucke  theory'^'^^^ 
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Fig.  5-20  TEMPERATURE  DEl’ENDENCE  OF  DAMPING  AFTER  COMPLETE  ANNEAL  OF 

DEFORMED  SPECIMEN 


log  (  ^  IjC)  should  b«  proportional  to  1/C  ,  whsrs  C  is  the 
strain  amplitude.  Figure  5-21  shows  a  plot  for  the  amplitude  de¬ 
pendence  of  damping,  taken  at  different  stages  of  anneal.  Over 
three  decades  of  ore  Covered,  and  nowhere  does  a  linear 

portion  of  the  plot  appear.  This  is  contrary  to  reports  on  NcCl 
(5-11,  5-12),  although  •  smaller  range  of  amplitude  was  covered 
in  the  latter,  possibly  concealing  the  nonlinearity.  The  lack  of 
fit  of  the  kfgO  data  to  the  formula  makes  it  difficult  to  interpret, 
or  even  present,  annealing  data  on  dislocation  break-away  in  a 
systematic  fashion. 

In  the  Norton  specimens,  annealing  above  600°C  removed  am¬ 
plitude  dependence.  However,  it  was  observed  that  after  a  5-mln 
anneal  at  1000**C,  amplitude  dependent  damping  reappeared  In  one 
specimen.  It  is  suggested  that  impurity  precipitates  may  have  be¬ 
come  redispersed  by  the  anneal,  partially  freeing  the  formerly 
firmly  locked  dislocations. 


C.  Rslaxation  of  Impurity- Vacancy  Complexes' 

Lidiard^^'^^  has  discussed  a  form  of  dielectric  relaxation  in 
alkali  halides  which  involves  reorientation  of  vacancy- impurity 
pairs  ("complexes").  Anion  vacancies  In  an  ionic  lattice  carry  an 
effective  negative  change,,  and  hence  tend  to  become  bound  to  posi¬ 
tively  ionised  impurities.-  Figure  5-22  shows  the  situation  when 
the  vacancy  is  a  nearest  neighbor,  which  can  than  diffuse  to  one  of 
four  sites.  The  mechanical  relaxation  in  MgO  is  similar  to  the  die¬ 
lectric  relaxation,  based  on  the  fact  that  a  stress  in  ^100^  will 
enhance  the  diffusional  Jumps  shown  in  Fig.  5-22.  The  relaxation 
peak  produced  as  a  function  of  temperature  in  a  specimen  vibrating 
at  45  kc/s  is  shown  in  Fig.  5-23.  The  points  are  experimental, 
while  the  theoretical  curve  has  the  form 


A  *  ^  I  + 


T 


I  +  r 


const. 


(5-6) 
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Fig.  5>21  CHECK  ON  GRANATE-LUCKE  RELATICRI 


A  ■  10 


100 


Fig.  V-23  RELAXATION  PEAK  OF  COMPLEX  AT  45  kc/s 
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A  j  being  a  conatant  background  damping  and  the  relaxation  time 
T  being  put  equal  to  £  ^  exp  (H/kT)J  ,  From  thia  curve  we  ob¬ 
tain  H  s  0.62  ev  and  T'  -  5  x  10~^^  aec.  The  peak  has  alao  been 

o 

meaaured  at  a  lower  frequency  in  the  tuning-fork  apecimen  (Fig. 
5-24)  which  waa  cut  parallel  to  the  previoua  apecimen.  Aa  expec¬ 
ted,  the  peak  ia  of  identical  height  and  ahape,  although  the  back¬ 
ground  damping  ia  greater.  From  the  ahift  of  the  peak  temperature 
the  activation  energy  may  also  be  derived  uaing  Y n  (<^l/  = 

^  (H/kl).  A  value  oi  0.  635  ev  la  obtained,  in  aatiafactory  agree¬ 
ment  with  the  value  from  the  peak  ahape.  No  independent  eatimatea 
of  vacancy  migration  energy  are  known,  however,  againat  which  to 
check  the  valuea. 

The  peak  doea  not  attain  ita  full  height,  or  appear  at  all  in  aome 
caaea,  until  annealing  at  an  elevated  temperature  in  carried  out. 
Five  minute  a  at  1000**C  wan  found  to  be  adequate:  indeed,  the  lower  , 
limit  of  annealing  time  requirement,  although  not  explored  during  a 
few  aomewhat  limited  teeta,  appeara  to  be  lean  than  one  minute. 

Thin  ia  quite  conaiatent  with  diffuaion,  from  the  aurface,  of  vacan- 
ciea  with  an  activation  energy  of  about  0.  62  ev.  The  reaaon  for  the 
reduced  peak  in  aa -grown  cryntala  lien  in  the  lower  temperature 
anneal,  during  which  the  conrp lexee  dineociate,  Several  houra  are 
required  for  thia  at  400^C,  and  during  the  normal  proceaa  of  cry- 
atal  growth  the  cooling  rate  ia  indeed  thia  alow.  Some  atudy  han 
been  made  of  the  anneal  cbaracteriatica;  Fig.  5-25  ahowe  a  tenta¬ 
tive  anneal  curve  at  600^0.  The  initial  A  waa  8.  3  x  10“^  and  the 
final,  3.  4  X  10~^;  the  linearity  of  the  curve  connecting  the  three  in¬ 
termediate  pointa  ia  not  firmly  eatabliahad  at  thia  atage.  A  time 
conatant  of  about  100  min  ia  derived,  which  ia  longer  than  would  be 
expected  from  the  diffuaion  of  vacanciea  to  the  aurface  with  an  acti¬ 
vation  energy  of  0.62  ev,  auggeating  that  aome  delaying  proceaa 
auch  aa  charge  trapping  may  be  occurring. 
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Fig.  5-25  ANNEALING  OF  RELAXATION  PEAK  OF  COMPLEX 
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A  turprliing  and  intaraating  faatura  of  tha  ralaxatlon  it  tha 
value  of  'f  ,  Analyaia  of  tha  gaometry  of  tha  ralaxatlon.  following 
Lidlard,  ahowa  that  thla  would  ba  axpactad  to  ba  1/6  of  tha 

attampt  parlod  for  vacancy  Jumpa,  i.  a. ,  h/6kT  multipliad  by  an 
antropy  factor  axp  (S/k).  whara  S  •  (H/E)  (dE/dT).  Calculation 
givaa  a  value  10  ,  aigniflcantly  leaa  than  that  derived  frorh  tha 

relaxation  peak.  No  diacrapancy  appaare  in  tha  value  of  X  for 

(5.14)  ® 

dielectric  relaxation  in  NaCl  and  ao  one  muat  aaarch  for 

aome  difference  between  tha  two  caaaa.  Two  auch  diffarancaa  conria 

to  mind.  In  the  firat  place,  charge  companaation  ia  not  complete  in 

MgO  aa  in  NaCl,  ainca  tha  affective  negative  charge  of  a  magnaaium 

vacancy  ia  two  while  a  trivalant  impurity  will  carry  only  a  aingla 

excaaa  charge.  Neutralisation  of  the  complex  could  be  achiavad 

by  an  extra  trapped  hole.  For  trivalant  chromium,  the  apr  apac- 

(S-15)' 

trum  of  tha  complex  haa  bean  atudiad  by  Warts  and  Ausins' 
however,  there  was  no  evidence  of  hole  trapping.  In  either  case, 
tha  nature  of  tha  complex  will  ba  affected  by  the  charge  disparity, 
and  tha  binding  will  be  somewhat  weakened.  The  second  differenca 
ia  deduced  from  the  shape  of  the  relaxation  curve,  which  fita  a 
single  activation  energy.  Thla  indicates  that  tha  proportion  of  com* 
plexes  would  have  a  slightly  different  energy,  and  ao  distort  the 
shape  of  the  relaxation  peak.  Further  study  in  required  to  discover 
the  detailed  nature  of  these  differences  and  correlate  them  with  the 
X ^  discrepancy. 


Electron  spin  resonance  spectra  of  specimens  have  been 
taken  in  an  endeavor  to  identify  the  impurities  responsible  for  the 
peak.  However,  although  there  was  a  large  difference  in  the  heights 
of  the  relaxation  peaks,  hardly  any  significant  differences  between 
the  spectra  were  visible.  The  spectra  are  dominated  by  the  tall 
narrow  lines  of  divalent  manganese^ 


Table  5-11  shows  the  concentration  of  the  various  atomic 
species  deduced  from  the  epr  spectra  (within  a  factor  of  S)  compared 
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TabU  5-11 

ANALYSIS  FHOM  ESR  AND  OPTICAL  SPECTRA 


— 

Specimen  1026 

Specimen  1072 

GSR  Spectra 

4  X  10‘® 

4  X  10‘® 

Fe^'^  (cubic  field) 

8  X  10‘5 

5.2  X  10’^ 

Cr®'*'  (cubic  field) 

2.  5  X 10"^ 

4  X  10"® 

Cr^ "  (100  field) 

6  X  lO""^ 

5  X  10"'^ 

Cr^  ''  (110  field) 

1.6  X  lO""^ 

Optical  Spectra 

Mn 

4  X  10‘® 

4  X  10‘* 

Fe 

6  X  10"'* 

6  X  10"^ 

Cr 

1  xl0‘* 

6  X  10‘® 

with  the  epectrographic  analyeie  (_f50%).  Specimen  1026  showed  a 
200**  relaxation  peak  forty  times  the  magnitude  of  that  of  1072.  It 
has  been  assumed  that  all  the  manganese  was  divalent,  and  the  con¬ 
centration  of  this  has  been  equated  in  epr  and  spectrographic  analysis. 
Discrepancies  exist  in  the  concentrations  of  both  iron  and  chromium. 
In  the  case  of  chromium,  the  difference  may  be  in  the  divalent 
chromium,  and  in  the  case  of  iron  either  in  the  divalent  iron  or  the 
iron  in  a  non- cubic  field,  the  spectrum  of  which  was  not  observed. 

In  any  case,  the  low  concentration  of  chromium  in  the  ^110^  direc¬ 
ted  field  (specimen  1026)  would  be  extremely  unlikely  to  account  for 
the  mechanical  relaxation  peak  observed.  Differences  between  the 
concentrations  of  the  species  given  in  Table  II  for  specimens  1026  and 
1072  are,  in  fact,  surprisingly  small.  A  further  anomaly  was  seen, 
however,  in  the  fine  structure  of  the  Kin  spectrum.  The  ratio  of 
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the  itrengthi  of  the  central  line  to  the  etrongeet  eatellite  wae  0.  95 
for  specimen  ]026  and  2.  S  for  1072,  whereas  the  theoretical  ratio 
is  1.  13.  It  is  likely  that  the  difference  indicates  a  large  concentra¬ 
tion  of  some  paramagnetic  impurity,  not  observed  in  the  epr  spec¬ 
trum  due  to  either  very  large  line  width  or  location  outside  the  range 
covered. 

There  is  a  possible  relationship  between  the  annealing  of  com¬ 
plexes  and  dislocation  damping.  Both  annealing  processes  occur  at 
a  similar  rate  in  a  similar  temperature  range,  and  it  is  very  likely 
that  dislocations  become  pinned  by  the  capture  of  v  cancies  which 

have  been  released  from  complexes.  The  concentration  of  complexes 

-5 

may  be  of  the  order  of  10  ,  which  would  give  one  vacancy  for  every 

ten  atom  sites  along  a  dislocation  line  (assuming  a  dislocation  density 
of  10^^  cm'^),  an  adequate  number  to  pin  firmly  the  existing  disloca¬ 
tions.  The  faster  dislocation  pinning  seen  in  the  more  impure  sam¬ 
ples  may  well  reflect  the  greater  rate  of  vacancy  production.  Thus, 
reduction  of  the  trivalent  impurity  concentration  below  a  certain  level 
could  starve  the  lattice  of  vacancies  and  thus  raise  the  temperature  at 
which  hardening  of  a  deformed  specimen  occurred. 

D.  Higher  Temperature  Processes 

Above  600^0,  most  of  the  damping  due  to  dislocations  introduced 
by  low  temperature  deformation  has  been  annealed  out.  A  further 
peak  is  now  seen  hear  as  shown  in  Fig,  5-25  to  5-27.  There 

is  no  indication  as  to  the  origin  of  this  peak,  although  it  seems  rather 
broad  to  fit  a  simple  relaxation  mechanism.  The  previous  deforma¬ 
tion  of  specimen  1074  may  account  for  the  slightly  greater  peak  height 
in  this  specimen,  although  the  difference  is  very  small.  Heating  to 
lOSO^C  has  reduced  the  general  background  damping  of  specimen  1026, 
but  the  peak  has  been  affected  little,  if  at  all. 

Above  this  peak,  a  further  rise  of  occurs,  which  reduces  on 
anneal.  This  is  no  larger  in  the  deformed  specimen  than  in  the 


-  247  - 


7  FIRST  HEAT 
O  SUBSEQUENT 


% 


o 

o 

-T- 


— S=V 


a 


o 

^“oO  <« 

o  ^ 

CP9  ** 
———07 — 


MgO  #  1026 


__.7 - ^ 


^  o  o  o  ^- 
oo  o 

O®  ®  O' 

®  ^®or 


1' 


i»  ® 
o  o 


**  o 


i 


II 


O.B 


1.0 


1000/ T 


Fig.  5-26  HIGH  TEMPERATURE  BEHAVIOR 
OF  SPECIMEN  NO.  1026 
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Fig.  5-27  HIGH- TEMPERATURE  BEHAVIOR  OF  SPECIMEN  NO.  1076 
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undeformed,  &nd  go  cshnot  be  due  to  unpinning  of  ditlp(;etipng  with 
an  accompanying  Weertman-type  damping.  More  accurate  data  ii 
required  in  this  region. 

5.  CONCLUSIONS 

Even  though  the  work  deecribed  here  represents  only  the  initial 
phase  of  the  investigation  on  internal  friction  of  MgO  crystals,  the 
following  points  have  already  been  established  as  a  result  of  research 
conducted  on  this  Task: 

A.  Dislocation  damping,  both  amplitude  independent  and  depen¬ 
dent,  can  be  created  by  deforming  a  specimen  at  room  temperature^ 
Between  room  temperature  and  SOO^C  the  damping  depends  only 
slightly  upon  temperature.  None  of  the  existing  theories  of  disloca¬ 
tion  damping  can  satisfactorily  explain  the  lack  of  temperature  de¬ 
pendence. 

B.  Analysis  of  the  amplitude  dependent  component  shows  that 
the  derailed  predictions  of  the  Cranato-Lucke  break-away  theory  are 
not  fulfilled. 

C.  Annealing  of  the  dislocation  damping  occurs  with  increasing 
speed  above  400°C,  and  is  a  function  of  specimen  purity  or  dislocation 
damping.  The  law  of  anneal  differs  from  that  previously  observed  for 
sodium  chloride. 

D.  Complexes  consisting  of  trivalent  impurity  (iron?)  vacancy 

pairs  give  a  relaxation  peak  at  230OC  (45  kc/s).  The  activation  en¬ 
ergy  is  0.63  0.02  ev.  The  value  of  the  attempt  frequency  of  relax¬ 

ation  is  somewhat  anomalous. 

E.  Complexes  are  created  by  a  short  anneal  at  above  1000**C, 
while  anneals  at  lower  temperatures  cause  them  to  dissociate  until 
an  equilibrium  concentration  is  reached.  It  is  not  clear  whether 
atoms  or  electronic  processes  govern  the  dissociation  rate. 
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F.  A  small  peak  appears  at  860^C,  of  much  the  same  height 
in  aa-grown  ae  in  deformed  eamples.  The  origin  ie  not  yet  known. 

It  is  evident  that  more  work,  both  experimental  and  theoretical, 
is  required  before  a  satisfactory  picture  can  be  formed  of  dislocation 
damping  and  its  relation  to  vacancy  equilibrium. 

6,  CONTRIBUTING  PERSONNAL 

In  addition  to  the  principal  investigator,  P.  D.  Southgate,  con¬ 
tributors  to  this  program  have  been  D,  K.  Benson  and  S.  A.  Marshall. 
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IV.  FINAL  REPORTS  ON  SUBCONTRACT  TASK  PROGRAMS 


TAiK  6  -  EFFECT  OF  SURFACE  ENERGY  ON  BRITTLE  BEHAVIOR 


Principal  Investigator;  Dr.  N.  J.  Patch 

Univarsity  of  Durham 
Nawcaitle  upon  Tyne 
England 


ABSTRACT 

Exploratory  atudlaa  ware  carried  out  to  determine  the  surface 
energy  values  associated  with  the  fracture  of  brittle  materials  over  a  wide 
temperature  range.  The  method  of  using  pre-cracked  thin  plates  has  been 
selected  as  being  the  most  reliable  at  moderate  temperatures;  the  aero- 
creep  technique,  whose  application  to  ceramic  substances  appears  to  be 
novel,  will  be  applied  at  temperatures  near  the  melting  point  of  the  mater¬ 
ial,  In  addition,  studies  were  carried  out  on  determining  the  lowering  of 
surface  energy  from  measurements  of  adsorption  isotherms. 

All  necessary  equipment  required  for  experimental  work  has 
been  constructed,  initial  exploratory  studies  have  been  made  with  poly- 
crystalline  AI2O3  for  all  of  the  methods  investigated.  These  studies  were 
augmented  by  fractographic  examinations,  using  electron  micrographs  of 
shadowed  replicas  taken  from  surfaces  of  fractured  polycrystalline  AUOi 
specimens. 
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TASK  6  -  EFrECT  OF  SURFACE  ENERGY 


1.  INTRODUCTION 

In  claaslc&l  treatment  of  a  completely  brittle  eoUd, 

the  criterion  for  crack  propagation  was  derived  from  the  balance  between 
the  surface  energy  created  and  the  strain  energy  released  by  the  growth 
process.  In  this  way,  the  stress  O'f  for  the  growth  of  a  crack  of  length 
2c,  in  a  solid  of  Young's  Modulus  E  and  surface  energy  was  obtained 
as 


2E 


to 


1/2 


(6-1) 


If  the  solid  is  not  completely  brittle,  plastic  deformation  occurs 
around  the  growing  crack,  but  it  has  been  supposed  that  the  criterion  for 
crack  propagation  can  again  be  given  by  the  energy  balance.  If  this  tenet 
is  accepted,  the  stress  required  is  still  obtained  from  Eq.  6-1  except  that 
the  surface  energy  term,  ,  now  includes  the  plastic  work  associated  with 
a  unit  area  of  the  newly  formed  fracture  surface. 

An  energy  balance  criterion  for  crack  growth  involves  the  tacit 
assumption  that  the  crack  is  sufficiently  sharp  for  the  stress  at  the  edge 

ti  > 

to  produce  separation  of  the  atoms  when  the  energy  criterion  is  fulfilled. 

With  cracks  blunted  by  very  easy  plastic  deformation  this  may  not  be  so. 

Thus,  it  seems  that  in  the  fracture  of  completely  brittle  solids  the 
significance  of  the  absolute  surface  energy  is  quite  clear;  when  some  plas¬ 
ticity  is  possible,  the  absolute  surface  energy  in  the  crack  growth  criterion 
is  replaced  by  an  effective  surface  energy  that  includes  a  plastic  work  factor. 
If  plastic  deformation  is  very  easy,  the  simple  energy  balance  criterion  for 
crack  growth  may  well  break  down. 

Because  of  the  uncertainties  involved,  the  principal  aim  of  this  re¬ 
search  is  to  investigate  the  nature  of  the  surface  energy  term  in  fracture 
mechanics,  and  to  compare  the  results  obtained  with  the  predictions  of 
presently  existing  theoretical  formulations.  The  effort,  quite  logically, 
subdivided  itself  into  three  major  phases:  a  review  of  the  adaptability  of 
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•xlitlng  or  propoaed  experimental  methoda  for  the  determination  of  aur- 
face  energy  valuea,  the  determination  of  aurface  energy  for  varioue  cera¬ 
mic  materials  at  different  environmental  conditiona,  and  the  compariaon 
of  data  obtained  with  theoretical  predictiona.  At  ita  present  atage,  the 
work  ia  concerned  entirely  with  the  absolute  aurface  energy. 

No  <?ompletely  reliable  general  method  exiata  for  the  meaaurernent 
of  the  absolute  surface  energy  of  a  aolid.  The  methoda  that  have  been  uaed 
are  summarized  in  Table  6-1. 


Table  6-1 

EXPERIMENTAL  METHODS  FOR 
THE  DETERMINATION  OP  SURFACE  ENERGY 


Methods  giving  absolute 
valuea  of  ^  • 

Methods  giving  relative 
valuea  of 

Quantitative  cleavage 

Pendulum  Scleromater 
experiments 

Fracture  of  a  precracked 
thin  plate 

Energy  balance  of 
grinding 

Energy  balance  for  heat 
of  aolution 

Energy  balance  of  wear 

Variation  of  solubility  with 
particle  size 

Mutual  grinding 

Anator'a  method  (90*  con¬ 
tact  angle  for  liquid  in  tube) 

Zero  creep  method 

Stable  cracks,  e.g. ,  Roe- 
sler(6-4)  Kiea(6~7), 

Svenssom^"®) 

Limiting  velocity  of  crack 
propagation,  e.g.  Shandi®"?) 
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In  th«  preient  work,  9xp«rimentel  approaches  were  confined  to  the 
crack  propagation  and  tk'i  zero  creep  nnethod,  described  in  Section  4,  is 
necessarily  applied  near  the  melting  point,  but  again  no  plastic  deforma¬ 
tion  term  comes  into  the  determination.  In  Section  3  the  effect  of  adsorp¬ 
tion  on  the  absolute  surface  energy  is  determined  from  measurements  of 
adsorption  isotherms  and,  finally,  some  fractography  is  described  in  Sec¬ 
tion  5. 

2.  CRACK  PROPAGATION  METHODS 
A,  Herts  Cracks 

Rocsler^^"^)  has  shown  that  stable  conical -shaped  cracks  can  be  pro¬ 
duced  in  glass  and  quarts.  These  are  formed  by  pressing  the  flat  end  of  a 
cylindrical  indentor  into  a  plane  surface  of  the  material.  The  crack  grows 
with  increase  in  load  and  also  with  time,  but  for  a  fixed  load  the  sise  of  the 
crack  becomes  approximately  constant  after  about’15  minutes. 

Roesler  has  calculated  that  the.surface  energy  will  be  given  by: 


P^sinof 
4^R^  G 


(6-2) 


where  P  is  the  applied  load,  R  is  the  radius  of  the  base  of  the  indentor 
(or  crack),  (k  is  the  half  apex  angle  of  the  conical  fracture  surface,  G  is 
the  rigidity  modulus  and  k  is  a  constant. 

Ths  calculation  of  the  constant  k  is  difficult.  It  is  a  strain  energy 
minimisation  problem  involving  seventeen  independent  components  of  the 
displacement  field.  Roesler  has  calculated  ke  7. 45x1 0“^  for  conical 
cracks  of  ssmi-included  angle  sin'^  0.9285,  i,  e.  sf  ■  66*  12*. 

To  examine  Roesler's  method,  we  have  repeated  some  of  his  meas¬ 
urements  on  glass.  The  value  of  was  verified  as  being  68.  5*  4-  I*. 
Roesler  measured  a  value  of  P  ■  1438  x  106  dynes  for  R  ■  1  cm.  Equa¬ 
tion  6-2  yields  ^  >  4100  ergs  per  sq  cm.  In  the  present  work  P  ■  1392 
X  10^  dynes  was  obtained  for  R  >  0.  85  cm,  giving  ^  >  6200  ergs  per  sq  cm. 
This  is  reasonable  agreement  with  Roesler,  but  both  results  appear  to  be  a 
factor  of  about  ten  too  large. 
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Experiments  to  prodnee  conical  cracks  in  polycrystalline  AI2O3  or 
MgO  have  failed.  Pclycrystalline  MgO  blocks  1  in.  x  1  In.  x  3/4  in.  wers 
loaded  by  an  1/8  in.  diameter  indentor.  The  fracture  load  was  102  ton  per 
sq  in.  at  room  temperature,  the  fracture  occurring  diagonally  across  the 
cube  on  an  approximately  plana  surface.  In  liquid  nitrogen,  the  fracture 
was  again  catastrophic  although  there  was  soma  semblance  of  an  initial 
cotdeal  fracture  surface.  With  AI2O3  specimens  of  a  similar  sise,  fracture 
was  also  catastrophic,  although  there  was  some  semblance  of  an  initial  coni¬ 
cal  fracture  surface.  The  specimens  broke  into  many  pieces;  the  central 
one  of  which  was  a  rough  triangular  pyramid  with  its  apsx  directly  below 
the  point  of  application  of  the  indentor. 

Because  of  the  unlikelihood  of  producing  stable  conical  cracks  in 
polycrystalline  MgO  or  AI2O3,  and  the  debatable  correctness  of  the  existing 
xxiathsmatical  interpretation,  it  was  decided  tb  abandon  this  lino  of  investi¬ 
gation, 

B.  Quantitative  Cleavage 

The  reasonable  results  obtained  by  Kusnetsov^^"^)  with  relatively 
crude  apparatus  suggested  that  ^  MgO  could  possibly  be  evaluated  using 
his  technique.  The  apparatus  used  in  the  present  investigation  is  shown 
diagrammatieally  in  Fig.  6-1. 

The  method  is  as  follows.  A  position  of  the  tup  is  found,  say  x, 
such  that  cleavage  of  the  crystal  will  not  occur  for  a  single  impact  with  the 
wedge,  but  a  repetition  of  the  process  of  impacting  from  this  same  tup  dis¬ 
placement  three  or  four  times  will  fracture  the  specimen. 

Let  us  now  denote  the  potential  energy  of  the  tup  at  the  predetermined 
displacement  x  as  Uq;  this  will  than  also  be  the  value  of  kinetic  energy  at 
impact.  After  impact  with  the  cleavage  wedge,  the  rebound  distance  can  be 
readily  determined  by  means  of  photocell  to  within  f  0.  OS  mm;  this,  in  turn, 
allows  fo7  the  calculation  of  the  reboxmd  energy  Uj.  Thus,  the  energy  U2 
dissipated  in  the  system  during  the  impact  is  given  bv  U2  >  -  Uj. 

If  one  assumes  that  the  energy  U2  dissipated  on  impact  remains  con¬ 
stant  for  a  series  of  single  impacts,  each  with  the  tup  initially  at  an  identical 
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rig.  6- 1  QUANTITATIVE  CLEAVAGE  APPARATUS 


A.  Light  Source 

B.  Diaphregme 

C.  AnvU 

D.  Crystal 


E.  Wedge  Support  I.  Photo-Cell 

F.  Cleavage  Wedge  J.  Scale 

G.  Tup  K.  Tup  Supporta 

H.  Electro  Kfagnet 


-  257  - 


position  X,  then  the  difference  in  the  rebound  energise  of  two  successive 
impacts,  the  second  pf  udiich  caiuses  cleavage,  wiU  be  due  to  the  formation 
of  the  new  surfaces.  Thus,  i£  two  such  impacts  rebound  with  energies  Uj 
and  U|,  respectively,  then 

2^S  > 


where  S  is  the  cross  sectional  area  of  the  crystal. 


It  was  found  difficult  to  get  sufficient  sensitivity  of  the  apparatus  for 
an  accurate  determination  of  ^  MgO*  ^  certain  minimum  energy  of  impact 
is  needed  to  cause  cleavage.  The  apparatus  is  most  sensitive  if  the  tup  re¬ 
bounds:  only  a  small  distance,  for  in  this  part  of  the  pendulum's  arc  a  large 
Uteral  displacement  is  equivalent  to  a  small  change  in  kinetic  energy,  How¬ 
ever,  it  is  difficult  to  regulate  the  energy  of  impact  causing  cleavage  to  con¬ 
form  with  the  requirement  of  suitably  small  displacsments.  The  use  of  a 
heavy  tup  does  not  help  much  in  this  regard,  because  it  decreases  the  sensi¬ 
tivity  of  the  apparatus  on  account  of  the  change  in  kinetic  energy  with  lateral 
displacement  which  is  directly  proportional  to  the  weight  of  the  tup. 

For  MgO  and  CaC03,  (Fig.  6-2)  we  have  found  experimentally  that  the 
energy  Uq  necessary  to  cause  cleavage  varies  approximately  with  the  square 
of  the  cross  sectional  area  of  the  crystal.  Assuming  that  Uj  is  a  constant 
fraction  of  U^,  one  can  derive  an  expression  for  the  sensitivity  of  the  appara¬ 
tus. 


Let 

R  ■  length  of  pendulum 

/  m  lateral  rebound  distance 

s  ■  cross  sectional  area  of  crystal 

h  m  vertical  height  moved  through  for  a 
lateral  rebound  distance  of  , 

then 


“-4 

dh  _  /  4h  •  ‘ 

T  -  T[  -  ZI 


(6-3) 
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Minlnum  Energy  fex-  Cleavage  w  zsnlCf) 


Cross  Sectional  Area  (enns?) 


Fig.  6-2  MINIMUM  TUP  ENKRGY  FOR  CLEAVAGE  VERSUS 
CROSS  SECTIONAL  AREA  OF  CRYSTAL  FOR  M^ 
AND  CaCOj  CRYSTALS 
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Now  it  a  measure  of  tiie  aensltivity  of  the  apparetut.  Since  A  t 
m  RAh/6  and  2^S  s  mgith,  it  follows  that 


(6-4) 


Now  experimentally  S2se  Uj  af  5  therefore  by  direct  substitu¬ 

tion  in  Sq.  6-4 


(6-5) 


Thus,  for  maximum  sensitivity,  a  long  pendulum  with  a  small  mass 
is  needed,  but  there  are  practical  difficulties  with  very  long  lengths  and  vary 
small  masses.  Also,  at  high  impact  velocities,  the  elastic  waves  set  up  can 
cause  cleavage  cracks  to  run  perpendicular  to  the  plane  of  the  cleavage  wedge 
and  crushing  of  the  crystal  under  the  knife  edge  can  occur.  There  are  thus, 
limits  to  the  values  of  R  and  m  that  can  be  used  in  practice. 

Measurements  of  the  surface  energy  of  calcite  with  our  apparatus 
gave  440,  535  and  820  erg  per  sq  cm.  Probably  the  lowest  value  is  nearest 
to  the  true  one,  because  imperfections  in  the  cleavage  will  increase  the 
apparent  surface  energy.  These  results  are  somewhat  higher  than  those 
reported  by  Gilman(6~2)  i. 220-280  erg  per  sq  cm. 

The  value  of  440  erg  per  sq  cm  corresponded  experimentally  with 
measuring  a  difference  in  rebound  distance  of  only  0,  8  mm.  For  MgO  a 
single  result  indicated  •  1250  erg  per  sq  cm|  the  corresponding  dif¬ 

ference  in  rebound  distance  amounted  to  only  0.25  mm.  Because  of  the  un¬ 
certain  accuracy  and  the  limitations  on  the  possibility  of  markedly  increasing 
the  sensitivity  of  the  apparatus,  it  was  decided  to  alter  the  original  experi¬ 
mental  procedure. 

The  technique  is  now  being  modified  to  allow  the  crystal  to  be  par¬ 
tially  cleaved  before  assembly  in  the  apparatus  and  thus  it  may  be  pessible 
to  propagate  the  crack  measurable  amounts  by  only  small  impactlve  loads.- 
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C.  Pr«cr»ck<d  thin 

The  most  promising  tochnlqu^  Is  that  of  msasurlng  tha  fracturs 
strsss  of  prscracksd  thin  plates.  5x2x0. 1-cm  plates  of  glass  and 
polycrystalline  AI2O3  have  been  pulled  to  fracture  by  attaching  to  the 
U-shaped  Jig  shown  in  Fig.  b-3. 

The  initial  work  on  glass  showed  that  the  breaking  stress  was  in¬ 
dependent  of  whether  the  crack  was  formed  by  ultrasonic  drilling  or  was 
infinitely  thin.  This  implies  that  tha  stress  concentration  at  the  tip  of 
ultrasonically  drilled  cracks  is  sufficient  to  satisfy  the  maximum  tensile 
strength  criterion,  so  that  tha  balance  of  net  strain  energy  release  with 
surface  energy  is  the  governing  fracture  criterion,  i.a.  ,  Griffith  crack 
propagation  criterion, 


applies. 


One  can  thus  calculate  a  value  of  ^  for  glass  from  the  fracture 
stress  of  the  precracked  thin  plates.  Testa  were  performed  with  a  range 
of  crack  lengths  both  in  water  and  in  paraffin  oil.  Tha  results  are  shown 
in  Fig.  6-4.  A  correction  was  applied  to  the  breaking  stress  for  the  affect 
of  a  finite  plate  width  where  necessary,  as  suggested  by  DixotS^"^), 

The  measured  value  of  1200  erg  per  sq  cm  in  paraffin  is  near  to  the 
true  surface  energy  of  glass  in  a  vacuum. 

As  can  be  seen,  the  eurface  energy  values  obtained  in  water  appear 
dependent  on  the  initial  crack  length.  It  seems  probable  that  this  is  a  static 
fatigue  effect.  Suppose  that  in  water  a  crack  can  start  to  propagate  at  a  low 
stress  because  of  (say)  adsorption.  A  short  initial  crack  will  then  only  have 
to  grow  a  small  amount  to  reach  the  critical  else  for  continued  propagation 
without  adsorption.  Thus,  with  a  small  crack,  the  observed  fracture  stress 
will  tend  towards  the  value  characteristic  of  the  surface  energy  for  the  ad¬ 
sorbed  state,  but  with  longer  initial  cracks,  a  greater  amount  of  crack  growth 
would  be  needed  for  this  to  happen  and  the  observed  fracture  stress  will  tend 
towards  the  value  characteristic  of  the  true  surface  energy. 
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Fig.  6-3  U-SHAPED  LOADING  JIG  FOR  PRE~CRACKED  PLATE 

SPECIMENS 
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Tim  6.4  CALCULATED  SURFACE  E  NT  ROY  or  GLASS  FROM 

*  BREAKING  STRESS  DATA  VERSUS  "PLATE  THICKNESS 
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Th«  turfac*  cn«rgi«a  obtained  for  polycryatalUn*  AI2O3  are  ahowa 
in  Fig.  6- 5(a),  Thaaa  valuaa  are  generally  of  the  right  order  of  nnagnlfuda, 
but  it  will  be  aeen  that  there  ia  an  apparent  (fopeadamea  OFM  thickneaa  of 
the  plate;  the  aurface  energy  value  decreaalhg  aa  the  thicknaea  laeraaaea. 

Figure  6-5(a)  alao  ahowa  that  meaauramenta  in  water  at  20*C  and 
in  ailicone  at  100  and  150*C  give  lower  aurface  energy  valuea.  The  influ¬ 
ence  of  water  ia  probably  a  atatic  fatigue  effect  and  thia  ia  diacuaaed  fur¬ 
ther  in  Section  3.  Some  reduction  in  the  aurface  energy  with  increaae  la 
temperature  can  be  expected^  but  the  decreaae  ia  the  ailicone  oil  meaaure- 
menta  aeema  much  too  large  to  ariae  almply  ia  thia  way. 

One  poaaible  explanation  of  the  apparent  dependence  of  the  aurface 
energy  on  plate  thickneai  la  that  there  are  aome  bending  atreaaaa  preaeat 
during  teating.  Strain-gauge  meaaurementa  have  now  ahown  that  thia  la 
in  fact  the  caae;  and  the  U  Jig,  which  waa  faahloned  after  that  uaed  by  Ber- 
denaikovt^"^),  aeema  unaatiafactory.  Probably  in  meaaurementa  on  glaaa, 
which  la  of  much  lower  modulua  than  Al203«  the  effect  of  beading  la  laaa, 
but  thia  haa  not  yet  been  checked  experimantally. 

The  praciae  effect  of  bending  on  the  crack  propagation  la  not  quite 
certain.  It  can  hardly  ha  aof  almple  that  the  maximum  fiber  atraaa  bacomaa 
alt -Important.  It  will  be  aeen  from  Fig.  6-5(b)  that  the  obaervad  fracture 
atraaa  ia  approximately  proportional  to  1  per  plate  thlckaaaa  x  crack  length^ 

3.  SURFACE  ENERQY  CHANGE  IN  POWDERS  DUE  TO  ADSORBED  GASES 

Conaldarable  iaveatigatlon  of  the  effect  of  water  vapor  and  other  at- 
moapharic  conatitueata  on  the  fracture  behavior  of  glaaa  haa  not  yet  alucl- 
dated  the  true  mechaaiam  of  the  adaorption  effect.  Charlea(^~^^)  haa  aug- 
gaated  that  the  delayed  fracture  of  glaaa  ia  due  to  etreaa  corroaloa  at  the 
tlpa  of  aurface  cracka  in  the  apeclKiena^  Since  any  external  medium  which 
reacta  chemically  with  die  aolid  can,  by  a  proeaaa  of  atreaa  corroaloa, 
deepen  the  crack  and  thereby  weaken  the  aolid,  Chaflea,  and  MoOrthy  and 
Tooliy^^"^^),  attributed  the  obeerved  weakening  la  their  glaaa  apeclmena 
to  geometrical  changea  brought  about  by  atreaa  ccrroaion  of  the  aurfacea. 
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Fig.  6-5(a)  CALCULATED  SURFACE  ENERGY  OF  A1,0.  FROM 

BREAKING  STRESS  DATA  VERSUS  PLATE  THICKNESS 


I 


Fig,  6-5(h)  FRACTURE  STRESS  OF  PRECRACKED  Al^O,  THIN 
PLATES  VERSUS  THE  RECIPROCAL  OF  'niE  PRO¬ 
DUCT  OF  THE  SQUARE  ROOT  OF  THE  SEMI¬ 
CRACK  LENGTH  AND  THE  PLATE  THICKNESS 
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It  was  pointed  out  by  Orowan^^  that  the  Griffith  criterion,  given 
in  Eq.  6-1,  might  not  be  a  sufficient  condition  for  brittle  fracture.  Never¬ 
theless,  in  deriving  the  sufficient  condition  from  evaluation  of  the  stress 
which  has  to  be  applied  to  break  the  bonds  between  atoms  at  the  tip  of  the 
crack,  he  obtained  the  expression 


(6-6) 


which  is  little  different  from  the  Griffith  condition. 

Earlier,  Orowan{6“13)  had  suggested  that  the  fracture  stress  can  be 
lowered,  and  delayed  fracture  effects  introduced,  by  adsorption  of  atmos¬ 
pheric  constituents  on  surface  Griffith  cracks  in  glass.  This  was  then  dem- 
on3trated(6-14)  hy  cleavage  experiments  on  mica,  for  which  the  surface 
energy  was  reduced  from  4500  erg  per  sq  cm  to  375  erg  per  sq  cm  when 
tested  in  moist  air.  Jura  and  Harkin8( meanwhile,  demonstrated 
how  graphical  integration  of  the  isotherm  for  adsorption  of  vapor  at  various 
pressures  can  be  employed  to  calculate  the  lowering  of  surface  energy  by 
adsorption.  It  was  subsequently  demonstrated  by  Petch(^"^^)  that  the  actual 
I  ecrease  in  fracture  stress  produced  by  adsorption  was  readily  obtainable 
from  the  Langmuir  isotherm,  or  by  suitable  integration  of  some  other  iso¬ 
therm  relevant  td  the  adsorption  process. 

The  surface  energy  lowering  is  given  by  Gibbs'  adsorption  equation 

i  , .  d^  =  -  P  du  (6-7) 

where  d^  is  the  change  in  surface  energy  produced  by  a  change  du  in  the 
chemical  potential  of  the  adsorbed  phase  and  H  is  the  number  of  molecules 
adsorbed  per  unit  area. 

If  the  adsorption  takes  place  at  temperature,  T,  from  a  gas  at  pressure, 

p,  then 

d^=  -GRTd  (log  p)  ’  (6-8) 

where  G  is  the  number  of  gram-molecules  of  gas  adsorbed  at  pressure,  p, 
and  temperature,  T. 
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From  the  Langmuir  isotherm, 


G 


G 

s 


1  +  Ap 


(6-9) 


where  Gg  is  the  number  of  moles  adsorbed  per  unit  area  at  saturation  and 
A  is  a  constant. 

Substitution  for  G  in  Eq.  6-8  and  integration  gives 


;•=  ;^o-G^log{l+Ap) 


(6-10) 


The  lowered  fracture  stress  can  then  be  obtained  from  Eq.  6-1. 

Schoening(6~f  7)  j^a.8  pointed  out  that,  although  the  Griffith-Orowan 
equations  indicate  that  the  reduction  of  surface  energy  by  adsorption  of  for¬ 
eign  molecules  weakens  the  solid,  a  distinction  must  be  made  between  the 
reduction  of  for  an  open  surface  and  the  reduction  at  the  tip  of  a  crack 
where  adsorption  takes  place  in  a  restricted  space. 

Delayed  fracture  phehornena  have  bet  observed  in  most  non-metallic 
materials,  including  AI2O3,  when  a  suitable  reactive  agent  is  present  in  the 
atmosphere.  If,  however,  the  contaminants  are  removed  by  baking  and  test¬ 
ing  in  high  vacuum,  the  delayed  fracture  is  almost  entirely  eliminated. 

Gurney  and  Pear8on(6-18)  have  clearly  demonstrated  that  water  vapor  and 
carbon  dioxide  are  the  main  causes  of  delayed  fracture  in  glass.  Elimina¬ 
tion  of  these  constituents,  either  individually  or  together,  produces  a  marked 
improvement  in  fracture  behavior.  Preston,  Baker  and  Glathart(6-19)  per¬ 
formed  extensive  experiments  on  the  delayed  fracture  of  a  number  of  glasses 
and  proposed  that  water  vapor  (perhaps  modified  by  carbon  dioxide)  was  pri¬ 
marily  responsible  for  the  weakening.  The  effect  of  water  vapor  was  further 
examined  by  Schoening(6-l7)j  who  suggested  that  the  strength  of  glass  could 
be  reduced  by  a  factor  of  0.  57  on  account  of  the  lowering  of  surface  free  ener¬ 
gy  alone.  ,  The  influence  of  gaseous  adsorption  on  the  rupture  stress  of  glass 
fibers  was  also  examined  by  Eischen(^"^®),  who  postulated  that  the  degree  of 
reduction  in  breaking  stress  increased  with  the  boiling  point  of  the  ga.s  con¬ 
cerned. 
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Delayed  fracture  teat*  on  sintered  AI2O3  under  normal  atmospheric 
conditions,  and  also  under  high  vacuum,  after  prior  out-gassing  at  350  +  10*C 
for  48  hours  in  a  vacuum  of  10"^  torr  in  each  instance  have  been  carried  out 
by  Pe*rson(6"21),  His  work  clearly  demonstrated  that  the  delayed  fracture 
effect  can  be  largely  eliminated  by  heat-treating  and  testing  under  high 
vacuum.  This  dependence  of  delayed  fracture  on  atmospheric  constituents 
suggests  that  the  lowering  of  fracture  stress  due  to  adsorption  on  AI2OJ  (and 
MgO)  might  be  calculated  from  a  determination  of  adsorption  isotherms  for 
carbon  dioxide  and  water  vapor. 

Kipling  and  Peak*ll(^"22)  have,  in  fact,  examined  the  adsorption  of 
water  vapor  on  aluminum  oxide  but  they  employed  material  of  high  surface 
area  (156  m^/g)  and  determined  gravimetrically  the  amount  remaining  ad¬ 
sorbed  on  the  surface  after  100  hours  desorption  at  25*  C  under  a  vacuum  of 
10"2  torr.  When  the  loosely  held  physically  adsorbed  moisture  had  been 
removed  they  found  that  3.  43  miUi-moles  per  g  were  still  chemisorbed  to 
give  a  surface  equivalent  to  Gibbsite  -  ^AUOH)^. 

A,  Experimental  Technique 

Most  of  the  adsorption  measurements  have  been  carried  out  on  AI2OJ 
in  the  form  of  1200-mesh  crushed  bauxilite  (white  fused  AI2O3)  obtained  from 
Universal  Grinding  Wheel  Company  Limited.  This  material  had  a  specific 
gravity  of  3.94  and  contained  99.00  per  cent  AI2O3.  the  major  impuritiei 
being  0.  3  to  0.4  per  cent  Na20,  0.05  per  cent  Si02>  ud  0.  05  per  cent  Fe203, 
and  was  considered  to  give  a  closer  approximation  to  the  bulk  material  used 
in  delayed  fracture  examinations  than  the  more  porous  materials.  Unfortu¬ 
nately,  such  a  material  has  a  comparatively  low  specific  surface  area  and 
this  imposed  severe  limitations  on  the  sensitivity  attainable  in  adsorption 
measurements  e 

A  preliminary  examination  of  the  adsorption  of  carbon  dioxide  by 
alumina  powder  at  -77*C  was  made  using  a  sample  of  -150  •f200-mesh  powder 
supplied  by  Thermal  Syndicate  Limited  and  a  helical  silica  spring  McBain  bal¬ 
ance  having  a  sensitivity  of  16  cm/g.  After  out-gassing  at  300*C  under  a 
vacuum  of  ,10"^  torr  fr  r  18  hours,  carbon  dioxide  was  gradually  admitted  to 
the  system.  Even  with  a  pressure  of  700  torr  carbon  dioxide  in  the  system, 
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th«  cxtenaion  of  the  helical  apring  wan  eatimated  to  be  only  about  double 
the  error  of  meaaurement,  indicating  a  low  surface  area  only  of  the  order 
of  4  m^/g. 

It  waa  realised  that,  even  if  the  specific  surface  area  was  increased 
by  employing  finer  powder,  the  sensitivity  of  thia  method  would  be  insuffi'* 
cient  to  determinis  a  full  adsorption  isotherm  even  if  it  were  sufficient  to 
measure  the  total  adsorption  at  high  pressures.  The  volumetric  method 
of  measuring  adsorption  has  the  advantage  that  quite  large  quantities  of  ad¬ 
sorbent  may  be  used  providing  that  variations  in  the  "dead  space"  volume 
due  to  the  actual  voltime  occupied  by  powder  are  allowed  for. 

An  apparatus  was  therefore  assembled  for  the  addition  of  measured 
amounts  of  gas  at  known  temperature  and  pressure  to  an  adsorption  system 
containing  the  AI2O3  sample.  A  sketch  of  this  apparatus  is  shown  in  Fig. 

6-6;  a  picture  of  the  completed  equipment  is  presented  in  Fig.  6-7.  The 
"dead  space"  volume  of  the  adsorption  portion  was  restricted  by  employing 
2-mm  bore  capillary  tube  as  far  as  possible  in  its  construction.  By  means 
of  a  rotary  pump  and  a  single  stage  mercury  diffusion  pump  the  system  could 
be  evacuated  to  a  pressure  of  <  10''^  torr,  as  measured  on  an  accurnte 
McLeod  gauge. 

The  "dead  space"  volume  of  the  adsorption  system  without  powder 
in  the  adsorption  tube  was  calibrated  at  -77  and  20*  Ci  after  out- gassing  at 
330* C,  by  addition  of  measured  quantities  of  carbon  dioxide  from  the  gas 
burette,  and  was  found  to  be  equivalent  to  about  20  cc  of  CO2  at  normal  tem¬ 
perature  and  pressure  (KTP,  20*C  and  1  atm.)  with  the  adsorption  vessel  at 
20*C  and  containing  one  atmosphere  of  gas. 

Adsorption  isotherms  were  first  carried  out  at  -77*C  using  IZOO-tnesh 
bauxillte  which  had  been  out-gassed  for  at  least  24  hours  at  330* C  under  a 
vacuum  of  <10"^  torr.  The  amount  actually  adsorbed  was  calenlated  from 
the  amount  added  by  subtracting  the  calibrated  volume  of  the  "dead  Space"  at 
the  respective  equilibrium  pressure,  allowUig  for  the  volume  occupied  by  the 
powder  of  known  density.  The  earlier  determinations  confirmed  the  fact  that 
the  powder  had  an  extremely  low  surface  area  and  the  amounts  adsorbed  closely 
approached  the  lower  limit  of  determination  for  the  apparatus,  the  "dead  space" 
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Fig.  6-6  DIAGRAMMATIC  SKETCH  OF  ADSORPTION  SYSTEM 
(CaptUtry  lactioni  ar«  rept«ient«d  by  a  aingle  line, ) 

A,  Adaorption  veaael 

B,  Oai  burette 

C,  Mercury  manometer  for  equilibrium  preasure  meaaurementa 
P.  Mercury  manometer  (or  gaa  collection 

E.  thermometer 

F,  Mercury  blow-off  on  gaa  collection  ayatem. 

G,  Gaa  inlet 

H.  Mercury  reaervoir  for  gaa  burrctte 

J.  Water  Jacket  for  gaa  burette 

K.  Lead  to  McLeod  gauge,  cold  trip,  and  diffuaion  and  rotary  pumpa 

L.  Short  length  of  capillary  (or  controlled  additiona  of  gaa 
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Fig.  6-7  GENERAL  VIEW  OF  ADSORPTION 
SYSTEM 


. «  iri 
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correction  forming  a  coneiderable  portion  of  the  total  amount  added  in 
each  case.  B/.  increasing  the  weight  of  sample  to  3i  9  g,  a  reasonable 
adsorption  curve  was  obtained  which  allowed  determination  of  monolayer 
adsorption  giving  a  specific  surface  area  of  1.  22  m^/g. 

Such  low  surface  area  obviously  entails  great  difficulty  in  measur¬ 
ing  the  amount  of  adsorption  prior  to  formation  of  a  monolayer  at  ambient 
temperatures.  Determination  of  an  adsorption  isotherm  at  20*C  served 
to  confirm  this,  since  the  adsorption  at  700  torr  was  only  about  0. 18  cc 
CO2  (at  NTP)  per  gram  AI2OJ. 

The  low  adsorption  was  confirmed  on  examining  the  adsorption  of 
carbon  dioxide  on  a  similar  out-gassed  sample  of  bauxilite  by  means  of  an 
accurate  vacuum  microbalance.  Introduction  of  COg  at  0*C  and  700  torr 
gave  an  apparent  weight  loss  equivalent  to  0.  3  cc  (COg)  per  g,  indicating 
that  the  amount  adsorbed  is  of  the  same  order  as  the  bouyancy  correction 
for  the  balance.  Under  these  conditions  the  amount  of  COg  adsorbed  is 
less  than  0.25  cc  per  g,  which  confirms  the  measurements  carried  out  by 
the  volumetric  technique. 

B,  Discussion  of  Results 

The  curve  for  adsorption  of  CO2  on  the  powdered  bauxilite  at  -77*C, 
shown  in  Fig.  6-8,  displays  the  normal  characteristics  of  monolayer  forma¬ 
tion  up  to  a  pressure  of  450  torr,  followed  by  the  build-up  of  multilayers  at 
higher  pressures.  The  amount  of  gas  adsorbed  to  form  a  monolayer  at  this 
temperature  allows  calculation  of  the  surface  area  of  the  sample  from  the 
known  area  of  17  x  10**^^  sq  cm  of  the  CO2  nriolscula.  Despite  the  low  sur¬ 
face  area  involved,  the  accuracy  of  measurements  determined  in  this  way 
was  about  +  5  per  cant,  even  though  the  total  amount  required  to  form  a  mono- 
layer  was  only  0.  27  cc  (at  NTP)  per  gram  of  AlgOj. 

The  amount  of  CO2  adsorbed  at  ambient  temperature  is  presented  in 
Fig,  6-9.  This  is,  of  course,  considerably  less  than  that  at -77*0;  measure¬ 
ments  therefore  show  a  high  degree  of  scatter.  Desorption  and  adsorption 
curves  were,  however,  found  to  be  inseparable,  and  the  results  obtained  were 
accurate  enough  to  allow  calculation  of  at  least  the  order  of  the  decrease  in 
surface  energy  associated  with  the  adsorption. 
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VOLUME  (at  NTP)  ADSORBED  cc/ g 


0  100  300  500  ‘700  torr 

PRESSURE 

Fig.  6-1  CURVE  FOR  ADSORPTION  OF  CARBON  DIOXIDE  ON 
POWDERED  BAUXILITE  AT  -TT^C 
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A  Langmuir  plot  of  tho  r e b  u It ^ ° ^  points. 
Nonetheleaa,  a  linear  relationship  can  be  ascrl^BcKj^'^HSilttjSw  least 
■  quhres  method.  The  results  shown  in  Fig.  6-9  for  the  adsorption  of 
CO2  at  20*  C  were  treated  in  this  way,  allowing  for  the  determination  of 
the  constants  G,  and  A  in  the  Langmuir  isotherm.  The  lowering  of 
surface  energy  associated  with  adsorption  of  CO2  at  a  partial  pressure  of 
lO  torr  was  then  calculated  from  Eq,  6-10> 


The  results  are  shown  in  Table  6><U.  It  can  be  seen  that  although 
there  is  considerable  variation,  all  the  values  of  the  lowering  of  surface 
energy  are  of  the  order  of  1. 0  erg  per  ciq  cm.  Since  the  surface  energy 
of  AI2O3  vacuo  is  normally  considered  to  be  in  the  region  of  2000  erg 
per  sq  cm,  this  represents  a  negligible  decrease  resulting  from  the  ad¬ 
sorption  of  CO2. 


Table  6-11 

CHANGE  IN  SURFACE  ENERGY  FOR  Al^O^ 
RESULTING  FROM  CO^  ADSORPTION  AT  20*C 


Specimen 

G, 

(g  mole  cm"^} 

A 

(cm"  V 

^  at  p  =  10  torr, 
(ergs  cm"2) 

I 

2.23  X  10"^° 

0.  159 

0.80 

U 

3.06  X  10"^° 

0. 154 

1.07 

m 

2.82  X  I0"^° 

0. 178 

1.13 

It  could  be  suggested  that  the  out-gassing  treatment  employed  was 
insufficient  to  expel  any  more  firmly  bound  chemisorbed  gas  molecules 
from  the  surface  of  the  powder.  Nevertheless,  the  treatment  was  without 
doubt  equivalent  to  that  carried  out  by  Pearson,  who  reported  that  it  elimi¬ 
nated  the  delayed  fracture  effect  in  AI2O3.  It  would  seem,  therefore,  that 
delayed  fracture  cannot  be  attributed  to  the  lowering  of  surface  energy  caused 
by  adsorption  of  CO2. 
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It  may  be  that  the  other  atmoapheric  contaminant,  water  vapor,  ia 
in  fact  solely  responsible  for  the  delayed  fracture  effect.  Schoening's  re¬ 
sults  for  the  adsorption  of  water  vapor  on  glass  demonstrated  that  surface 
energy  changes  due  to  adsorption  were  sufficient  to  account  for  at  least  a 
considerable  proportion  of  the  reduction  in  fracture  stress  observed.  For 
the  same  to  be  true  for  the  adsorption  of  water  vapor  on  AI2O3  there  would 
have  to  be  greatly  increased  adsorption  compared  with  CO2  — -  the  number 
of  moles  of  water  adsorbed  on  glass  at  10  torr  is  abo\it  200  times  the  amount 
of  CO2  adsorbed  on  AI2O3  at  this  pressure.  The  Langmuir  constant.  A, 
would  therefore  be  much  higher. 

Another  feature  of  interest  is  the  actual  shape  of  the  adsorption  curves 
for  CO2  at  20* C.  All  three  curves  exhibit  a  stepped  contour,  the  adsorption 
plateau  ogcurring  at  much  too  low  a  pressure,  and  too  small  an  amount  ad¬ 
sorbed,  to  correspond  to  monolayer  formation.  If,  in  fact,  it  is  a  real  effect 
it  may  be  attributable  to  preferential  adsorption  on  certain  more  favorable 
sites  in  the  initial  stages. 

A  sample  of  AI2O3  of  higher  specific  surface  area  has  been  obtained. 
During  continued  phases  of  this  work,  we  shall  develop  more  accurate  ad¬ 
sorption  curves  for  carbon  dioxide  with  the  additional  sensitivity  thus  avail¬ 
able;  in  addition,  we  shall  also  examine  the  adsorption  of  water  vapor  on 
AI2O3  surfaces. 

4.  SURFACE  ENERGY  OF  Al^Oj  BY  THE  METHOD  OF  ZERO  CREEP 

The  interface  between  two  phases  is  characterized  by  an  interfacial 
tension  due  to  the  excess  of  energy  which  exists  at  the  interface.  A  reduc¬ 
tion  in  surface  area  will  therefore  permit  a  body  to  lower  its  free  energy; 
the  corresponding  work  done  will  be  equal  to  the  reduction  in  surface  free 
energy.  It  is  to  be  expected  then  that  a  foil  or  thin  wire,  having  a  large 
surface  area  to  volume  ratio,  will  contract  under  the  influence  of  its  sur¬ 
face  free  energy  when  heated  to  temperatures  approaching  its  melting  point. 
By  a  judicious  selection  of  weights  which  put  the  foil  or  wire  into  tension 
such  that  the  contractive  force  of  the  surface  free  energy  is  exactly  counter¬ 
balanced,  will  cause  the  wire  to  maintain  its  original  length,  affording  a 
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method  for  tho  determination  of  the  surface  free  Qnergy(6“23)  at  very  high 
temperatures.  Because  of  its  feature  of  arresting  axial  strains  in  tho  wire, 
the  technique  is  designated  as  tho  nero  creep  method. 

In  obtaining  the  appropriate  expression  relating  the  balancing  weight 
to  the  surface  free  onergy(^"2'^),  it  is  assumed  that  the  resistance  to  exten¬ 
sion  under  the  influence  of  the  weight  comes  from  the  surface  and  grain 
boundary  tensions.  By  a  virtual  work  argument,  for  a  thin  wire 

w  d-ff  =  '*■  /"b (6-11) 

where  w  is  the  balancing  force,  d/  the  change  in  length,  the  surface 
energy,  ds  the  change  in  surface  area,  the  grain  boundary  tension  and 
db  the  reduction  in  grain  boundary  area.  If  the  grain  boundaries  lie  nor¬ 
mal  to  the  wire  axis  and  completely  traverse  the  diameter,  i.  e, ,  the  wire 
is  made  up  of  a  series  of  grains  joined  end  to  end  and  having  the  same  dia¬ 
meter  as  the  wire,  then  Eq.  6-11  leads  to 

wa  (6-12) 

where  r  is  the  wire  radius  and  n  is  the  number  of  grains  per  unit  length. 
Neglecting  the  grain  boundary  term  would  probably  lead  to  an  error  of  about 
10  per  cent.  One  may  also  assume  that  ^  i* 

quently  found  to  be  the  case.  Alternately,  the  two  energies  may  be  separately 
determined  by  making  measurements  on  specimens  of  different  relative  dimen¬ 
sions  or  different  grain  siaes. 

The  experimental  approach  Involves  determining  the  creep  curves  at 
constant  temperature  for  a  number  of  specimens  subjected  to  different  stresses. 
The  creep  strain  is  measured  at  various  times  until  the  strain  rate  at  a  given 
stress  does  not  vary  with  time.  The  stresses  are  chosen  so  that  both  creep 
contraction  and  extension  are  observed.  Then,  by  plotting  the  constant  creep 
strain  rate  against  stress,  the  stress  corresponding  to  zero  creep  may  be  in¬ 
terpolated.  The  method  has  been  used  for  surface  energy  determinations  of 
copper(6-24)^  gold  and  8ilvor(6"25)^  and  nlckel(6-26)^  with  results  vdlich  agree 
reasonably  with  those  obtained  by  other  methods. 
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The  application  o£  the  technique  to  Al^Oj  presents  two  problems, 
encountered  only  in  a  minor  degree  with  the  metals  previously  studied. 

These  are  that  the  temperatures  involved  are  much  higher  (ca,  2000* C) 
and  the  preparation  of  AI2O3  in  the  form  of  thin  wires  is  more  difficult 
than  is  the  case  with  ductile  metals.  Making  reasonable  assumptions  for 
the  quantities  involved  in  Eq.  6-12  leads  to  the  requirement  that  AI2O3 
wires  wpuld  need  to  be  about  1  mm  or  less  in  diameter  for  the  method  to 
offer  reliable  results.  Extruded  wires  of  about  0.8-mm  diameter,  and  of 
sufficient  uniformity  over  lengths  of  a  few  centimeters,  have  been  obtained 
and  some  preliminary  experiments  made  In  a  borrowed  furnace. 

The  preparation  of  the  wires  involves  marking  off  a  gauge  length  in 
a  jig  by  drawing  a  fine  steel  wire  lubricated  with  diamond  paste  over  the 
surface  to  produce  two  small  grooves  2  cm  apart.  The  gauge  length  and 
the  length  of  wire  below  the  mid-point  of  the  gauge  length,  which  corres¬ 
ponds  to  the  weight  producing  creep,  are  measured  with  a  traveling  micro¬ 
scope  reading  to  0.  002  mm.  During  creep  the  rods  are  suspended  through 
holes  in  the  lid  of  an  alumina  crucible  by  attaching  a  small  bead,  of  alumina 
to  one  end,  such  that  the  bead  does  not  pass  through  the  hole  in  the  crucible 
lid.  The  arrangement  is  shown  in  Fig,  6-11.  The  AI2O3  crucible  and  lid 
have  internal  dimensions  5-cm  long  and  3.  5-cm  diameter,  allowing  for  up  to 
24  specimens  to  be  contained  in  the  crucible  during  any  one  run,  with  a  maxi¬ 
mum  stress  on  any  specimen  of  about  16,  000  dynes  per  sq  cm.  Preliminary 
experiments  at  2050*K  have  shown  the  feasibility  of  the  method  in  that  expan- 
sions  and  contractions  of  the  gauge  length  of  specimens  has  been  observed. 

In  order  tlut  creep  deformation  may  be  detected  in  a  reasonable  per¬ 
iod  of  time  it  is  necessary  that  the  temperature  of  testing  be  near  to  the  melt¬ 
ing  point  (2320*K),  A  graphite  resistor  furnace,  similar  in  design  to  that 
used  in  the  preliminary  experiments  and  described  by  Davidson  and  BuTWOod(^''27), 
has  been  made  for  this  purpose.  The  heating  element  is  a  graphite  tube  8  in. 
long  and  2-5/8  in.  diameter,  with  a  central  bore  which  contains  the  AI2O3 
crucible  standing  on  an  insulating  refractory  block.  The  tube  is  slotted,  as 
shown  in  ]l^ig.  6-12,  to  obtain  the  requisite  length  of  electrical  path;  provi¬ 
sion  is  made  for  the  current  to  enter  and  leave  at  the  lower  end.  This  is 
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Fig.  6-11  GENERAL  VIEW  OF  AI2O3 
ROD  ASSEMBLY  USED 


-  280 


rig.  6-12  HIGH-TEJ.IPERATURE  FURNACE, 
SHOWING  GRAPHITE  HEATER 
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achieved  through  two  heavy  copper  water-cooled  buebare,  electrically 
insulated  from  the  brass  base  by  an  aluminum  silicate  ceramic;  the  graph¬ 
ite  tube  is  connected  to  the  busbars  by  an  interference  fit.  The  insulated 
electrical  air;id  water  connections  thfbugh  the  brass  base  are  made  vacuum 
tight  by  the  incorporation  of  0-ring  seals.  Reflection  and  redistribution 
of  the  heat  from  the  graphite  tube  is  by  five  radiation  shields  of  sheets  of 
0.  5-mm  thick  molybdenum,  located  and  Insulated  by  aluminum  silicate  cera¬ 
mic  and  shown  in  Fig.  6-13.  The  whole  is  covered  by  a  heavy  Water-cooled 
steel  case  with  appropriate  vacuum  seals.  The  entire  assembly  installed  in 
position  is  shown  in  Fig.  6-14. 

The  furnace  is  evacuated  through  2  in.  pumping  port  in  the  base  by 
an  appropriate  size  of  diffusion  pump  and  backing  pump.  The  furnace  has 
been  designed  to  operate  at  10~'^  mm  Hg;  preliminary  vacuum  testa  have  in¬ 
dicated  that  this  can  be  achieved  with  a  leak  rate  which  presents  no  problems. 
Appropriate  traps  and  vacuum  gauges  are  incorporated^ 

The  power  supply  to  the  furnace  is  from  a  27:1  oil-cooled  step  down 
transformer  fed  from  a  variable  transformer  rated  at  about  18  kVA  at  a  maxi¬ 
mum  of  15  volts  and  a  current  of  1200  smps^  The  temperature  control  unit 
Incorporates  a  photoelectric  cell  as  the  active  element  and  la  focussed  on  the 
graphite  tube  through  slots  in  the  radiation  shields.  The  steel  case  is  pro¬ 
vided  with  water-cooled  cells  shown  in  Figi  6-14>  sealed  with  optical  quality 
heat  resisting  glass;  the  photoelectric  cell  is  attached  to  the  outside  of  the 
cells.  The  temperature  control  unit,  activated  by  a  variable  transformer, 
has  been  designed  and  is  in  the  process  of  being  constructed. 

5.  FRACTOGRAPHY 

The  fracture  surfaces  of  the  precracked  thin  plates  described  in  Section 
2  have  been  studied  both  optically,  using  cellulose  acetate  impressions  viewed 
by  transmitted  light,  and  by  means  of  electron  microscopy.  For  the  latter 
method,  carbon  replicas  have  been  made  from  cellulose  acetate  impressions 
pre- shadowed  at  45*  with  AuPd.  Some  difficulty  is  still  being  experienced 
because  of  the  fragility  of  the  replicas.  ' 
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Fig.  6-13  HIGH- TEMPERATURE  FURNACE 
WITH  MOLYBDENUM  SHIELDS 
IN  PLACE 
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Fig.  6-U  GENERAL  VIEW  OF  EXTERNALS 
OF  HIGH  TEMPERATURE  FURNACE 
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The  fracture  surfaces  of  AI2O3  broken  In  the  temperature  range 
20  to  200* C  appear  identical,  haying  a  high  proportion  of  grains  shoNving 
smooth,  flat  surfaces,  and  many  showing  detailed  surface  markings. 

Figure  6-15  shows  a  typical  area  of  the  fracture  surface  of  poly¬ 
crystalline  AI2O3  broken  at  20*  C,  Micropore  a  can  be  seen,  the  step 
pattern  joining  two  of  these  being  a  typical  feature  of  the  fracture  surface. 
Figure  6-16  is  a  higher  magnification  of  a  part  of  the  same  area.  Figure 
6-17  shows  the  variation  of  fracture  markings  as  influenced  by  the  differ¬ 
ent  grain  orientation  that  exists  in  the  polycrystalline  AI2O3.  In  the  lower 
left  portion  of  this  micrograph,  as  in  others,  one  can  readily  see  that  a 
fracture  facet  which  is  forced  to  follow  a  line  not  along  one  of  the  easy 
parting  planes  does  so  in  a  stepwise  manner,  This  indicates  that,  although 
the  total  area  of  surface  created  is  greater,  the  total  surface  energy  is  less 
for  this  fracture  path  than  for  a  straight  path  following  the  gross  line  of  the 
facet. 

Figure  6-18  Shows  the  fracture  surface  remaining  crystallographic 
across  what  is  probably  a  grain  boundary.  It  would  appear  that  these  two 

t»'  .  .  ,1 

grains  bear  some  simple  crystallographic  relation  to  one  another.  Figure 
6-19  shows  the  appearance  of  typical  serrated  paths  in  the  fracture  facet, 
the  single  steps  in  the  serrations  being  about  500  A  long  in  this  instance. 
Lastly,  Fig.  6-20  shows  an  area  of  onchoidal  fracture  adjacent  to  a  grain 
more  suitably  oriented  for  cleavage,  As  can  be  readily  seen  by  the  pres¬ 
ence  of  facets  and  river  markings,  the  mode  of  fracture  is  a  somewhat 
imperfect  cleavage. 

Textbooks  on  mineralogy  suggest  that  AI2O3  can  show  perfect  but 
interrupted  cleavage  on  the  basal  plane  and  pseudo- cleavage  on  the  (loT,  1) 
twin  plane.  For  Ai203  (lOTl)A  (TlOl)  «  93*  56*  and  (10Tl)A{000l)  = 

57*  34'. 

A  fractured  single  crystal  of  AI2O3  shovring  similar  fracture  sur¬ 
face  markings  to  those  seen  in  Figs.  6-15  to  6-18  has  been  examined  by 
optical  goniometry.  Results  are  at  present  incomplete,  but  it  appears  that 
two  reflections  found  correspond  to  (1010)  and  (11*2.2)  planes,  as  shown  in 
Fig.  6-21.  Measurements  on  the  electron  micrographs  show  that,  as  near 
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•Fig.  6-16  ENLARGEMENT  OF  PART  OF  FIG.  6-15  X30.  000 
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rig.  6-17  EITECT  OF  GRAIN  ORIENTATION  UPON  FRACTURE  SURFACE  X24.  000 
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Fig.  6-18  FRACTURE  SURFACE  PATTERN  ACROSS  CRAIN  BOUNDARY  Xi2.  000 
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Fig.  6-19  HIGH  MAGNIFICATION  PICTUHE  OF  SERRATED  PATHS  IN  FRACTURE  FACET 

X45,  000 


29i 


0001 


Fig.  6-21  ORIENTATION  OF  CLEAVAGE  FACETS  IN  FRACTURE 
SURFACE  OF  POLYCRYSTALLINE 
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aa  can  be  eatimated,  the  cleavage  stepa  meet  at  exactly  90*,  and  it  la 
tentatively  auggeated  that  AlgOj  may  ahow  interrupted  cleavage  on  (000, 1), 
(loT.  O}  and  {lll.z)  planea. 

Fractographic  atudiea  of  thia,  nature  are  a  valuable  aid  in  conjunction 
with  the  surface  energy  meaaurementa,  since  they  supply  a  means  of  study¬ 
ing  the  nature  of  the  surface  on  which  the  measurements  have  been  made. 

6.  CONCLUSIONS 

A  review  has  been  made  of  all  methods  available  for  the  determina¬ 
tion  of  the  surface  energy  associated  with  the  creation  of  new  surface  in  the 
fracture  of  polycryatalline  ceramics.  Of  the  various  techniques  reviewed, 
the  crack  propagation  and  xero  creep  methods  were  selected  as  offering  the 
greatest  reliability  and  reproducibility  for  the  determination  of  surface  ener¬ 
gies,  The  former  is  useful  at  moderate  temperatures,  the  latter  at  very 
high  temperatures  near  the  melting  point  of  the  material..  In  addition,  ad¬ 
sorption  techniques  were  developed  for  the  determination  of  absolute  surface 
energy  values  from  adsorption  isotherms,  and  some  fractographic  studies 
were  carried  out  for  the  examination  of  the  nature  of  fractUi’e  surfaces. 

Work  on  crack  propagation  methods  included  an  investigation  of  the 
applicability  of  Hertxian  crack  techniques,  quantitative  cleavage  and  the 
fracture  of  precracked  thin  plates  for  the  determination  of  surface  energies. 
For  absoiute  surface  energies,  the  precracked  plate  method  is  thought  to 
hold  out  for  the  beat  good  promise;  however,  grips  that  eliminate  bending 
are  needed  for  accurate  measurements^  These  grips  have  been  made,  but 
have  not  yet  been  tested. 

The  Roesler  and  the  impact  cleavage  methods  have  experimental  and 
theoretical  difficulties  that  considerably  lower  their  accuracy.  However, 
these  methods  may  be  useful  at  high  tempeiraturas,  when  difficulties  in  using 
the  precracked  plates  may  appear. 

The  lowering  of  the  surface  energy  of  AI2O3  by  adsorption  of  CO2 
has  been  calculated  from  measurements  of  the  adsorption  isotherm.  Be¬ 
cause  of  a  low  specific  surface,  these  measurements  have  been  difficult, 
but  there  seems  little  doubt  that  the  surface  energy  lowering  in  thia  case  is 
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quite  negligible.  Moaeuremonts  on  the  energy  lowering  from  the  adsorp¬ 
tion  of  water  vapor  remain  to  be  done.  If  these  also  indicate  small  enei'gy 
changes,  the  explanation  of  dolayed-fracture  and  of  onvironrnent  effects  in 
terms  of  the  lowering  of  surface  energy  by  adsorption  will  have  to  be  aban¬ 
doned  in  this  case. 

"he  method  of  zero  creep  appears  to  be  the  only  practical  one  for 
the  direct  determination  of  surface  energy  at  very  high  temperatures.  Its 
application  to  non-metallic  bodies  ia  believed  to  be  hovel.  There  arc  diffi¬ 
culties  of  specimen  preparation,  absent  in  the  metal  case.  However, 
rods  1, 0-mm  diameter  have  been  prepared  and  preliminary  measure¬ 
ments  suggest  that  application  of  the  method  to  AI2O3  will  be  feasible. 
Construction  of  the  special  hlgh-tomperaturc  furnace  required  has  taken 
some  considerable  time,  but,  except  for  a  few  minor  items,  is  now  complete 
and  it  is  expected  that  proper  measurements  will  begin  in  a  very  short  time. 

All  exploratory  experimental  studies  to  date  have  been  confined  to 
work  with  AI2O3.  Satisfactory  absolute  surface  energy  measurements  have 
not  yet  been  achieved.  Nevertheless,  the  method  using  precracked  thin 
plates  seems  to  have  good  promise  at  moderate  temperatures.  Removal  of 
bending  stresses  from  the  testing  Jig  used  at  present  will  be  necessary;  this 
is  expected  to  be  achieved  with  new  grips  that  have  been  fabricated,  but  not 
yet  tested.  The  method  of  zero-creep  that  yields  absolute  surface  energy 
values  at  near  the  melting  point  has  involved  rather  a  large  amount  of  equip¬ 
ment  manufacture.  This  is  all  now  practically  ready.  Some  test  of  the 
method  in  a  borrowed  high-temperature  furnace  suggests  that  this  technique 
should  work  satisfactorily. 

The  lowering  of  the  surface  energy  of  AI2O3  by  the  adsorption  of  CO2 
has  been  shown  to  be  negligible.  Measurements  for  water  vapor  have  still 
to  be  carried  out.  If  they  should  yield  a  similar  result,  surface  energy  low¬ 
ering  would  seem  to  be  eliminated  as  an  explanation  of  delayed  fracture  and 
of  environment  effects  in  the  case  of  -M2O3. 

Fractography  appears  to  be  useful  because  of  the  information  it  gives 
about  the  surfaces  used  for  measurement. 
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TASK  7  -  JRACTURE  MECHANISMS 


Principal  Invaatigatori  E.  Orowan 

Maaaachufetts  Inatituta  of  Tachnology 

ABSTRACT 

The  purpose  of  thla  research  la  to  etudy  the  fracture  mechanlem 
of  (ion- metallic  materiala,  in  order  to  obtain  basic  knowledge  regarding  the 
nature  of  crack  initiation  and  propagation  in  brittle  Subetancee.  During  the 
currant  phase  of  the  program  a  microscope  stage  and  a  high  temperature 
testing  machine  have  been  built,  the  latter  having  a  load  range  of  5000  lb  at 
temperatures  up  to  4000*r. 

The  fracture  mechanisms  and  cleavage  surfaces  of  KCi  crystals 
have  been  studied  extensively  at  temperatures  up  to  h00*C.  Use  of  X-ray 
imaging  methods  disclosed  the  presence  of  kinking  at  the  intersection  of  Gil¬ 
man  bands  in  MgO  deformed  at  room  temperature.  The  conversion  of  slip 
to  kinking  may  be  responsible  for  strain-hardening  and  crack  initiation  phen¬ 
omena  which  has  been  heretofore  attributed  to  the  interaction  of  individual 
dislocations. 
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TASK  7  -  FRACTURE  MECHANISMS 


1.  INTRODUCTION 

Much  of  the  work  concerned  with  the  strength  of  brittle  substances 
seeks  to  determine  the  parameters  affecting  two  basic  phenomena;  crack 
initiation,  and  the  propagation  of  fractures  already  nucleated.  A  good  deal 
is  understood  about  the  factors  affecting  each  phenomenon  separately;  while 
much  remains  to  be  done,  the  effects  of  grain  size,  porosity,  surface  ener¬ 
gy,  multlaxlal  stresses  and  speed  of  loading  have  been  reasonably  well  de¬ 
termined.  On  the  other  hand,  comparatively  little  attention  has  been  paid 
to  tying  the  information  relating  to  crack  initiation  and  its  propagation  to¬ 
gether,  to  consider  the  overall  mechanisms  governing  the  fracture  of  brittle 
materials. 

Although  some  high  temperature  refractories  have  limited  ductility 
at  the  service  temperature,  they  are  almost  connpletely  brittle  in  a  wide 
temperature  range  between  room  temperature  and  the  service  temperature. 
Brittleness  in  these  materials  is  an  inherent  property  which,  in  general, 
cannot  be  influenced  effectively  without  modifying  the  composition  or  crystal¬ 
lographic  structure  of  the  material.  All  that  can  be  done  is  to  choose  fabri¬ 
cation  methods  which  prevent  the  formation  of  effective  microcracks,  suppress 
the  formation  of  microcracks  by  plastic  deformation  under  .stress,  or  counter¬ 
act  the  propagation  of  crack  nuclei.  The  main  possibilities  of  this  nature  are 
summarised  in  Table  7-1. 

The  purpose  of  the  present  work  is  to  study  the  fracture  mechanisms 
of  non-metallic  materials  to  obtain  the  basic  knowledge  required  for  the  utili¬ 
sation  of  the  possibilities  described  in  Table  7-1  for  the  production  of  high 
temperature  refractories  of  reliably  stable  high  mechanical  strength  and  ther¬ 
mal  shock  resistance.  In  particular,  this  Task  seeks  to  resolve  the  gap  that 
exists  currently  between  crack  nucleation  hypotheses  on  the  one  hand,  and 
gross  crack  propagation  and  proliferation  leading  to  fracture,  on  the  other. 

The  materials  studied  fall  into  two  categories;  materials  of  practical 
importance  as  model  refractories,  and  materials  like  alkali  halides  which 
have  considerable  ductility  at  relatively  low  temperatures  and  from  which 
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knowledge  of  plaatlc  fracture  mechanigmi  can  be  obtained  more  easily  than 
from  the  majority  of  high  temperature  refractories. 

The  work  proceeded  in  three  directions.  The  first  was  the  construc¬ 
tion  of  a  small  testing  machine  which  could  be  placed  on  the  stage  of  a  micro¬ 
scope  for  observing  the  specimen  in  ordinary  or  polarised  light  during  defor¬ 
mation.  This  machine  was  constructed  comparatively  early,  and  various 
improvements  have  been  added  to  it  during  the  course  of  the  program,  among 
them  an  electric  strain-gage  dynamometer  for  measuring  the  load,  and  strain- 
gage  extensometer  for  measuring  or  recording  the  deformation.  The  second 
line  of  work  was  the  construction  of  a  high  temperature  testing  machine  for 
tension,  compression  and  (with  an  adapter)  bending,  for  loads  up  to  5000  lb, 
and  temperatures  approaching  4000*F.  The  third  line  of  work  was  the  study 
of  deformation  and  fracture  of  various  single  crystals,  mainly  MgO  and  KCl. 
Most  of  the  work  of  the  constructing  of  the  high  temperature  testing  machine 
was  done  by  H.  Keith;  most  of  the  crystal  experiments  by  A.  S.  Argon. 

2.  THE  MICROSCOPE  STAGE  TESTING  MACHINE 

Figure  7-1  is  a  photograph  of  the  machine  placed  on  the  rotating  stage 
of  a  polarizing  microscope  to  which  it  is  attached  by  clamps.  The  frame  (1) 
is  provided  with  dovetail-grooves  in  which  plates  cirrying  the  stationary  grip- 
holder  (2)  and  the  mobile  grip-holder  (3)  can  slide.  The  plate  carrying  the 
mobile  grip-holder  (3)  is  moved  in  the  dove  tail -guide  by  means  of  a  threaded 
rod  propelled  by  a  toothed  nut  which  is  driven  by  the  pinion  (4).  The  gear 
ratio  is  high  in  order  to  be  able  to  apply  very  small  strains  to  specimens  of 
low  ductility;  a  revolution  counter  connected  with  the  pinion  shaft  by  bevel 
gears  can  be  used  as  a  rough  measure  of  ^e  strain  applied.  The  strain  can 
be  measured  accurately  by  an  electric  strain  gage  extensometer  (not  shown). 
The  specimen  is  seen  between  the  grip  blocks,  with  the  brass  tubes  into  which 
it  is  cemented.  The  mobile  grip  holder  (3)  is  connected  with  the  dovetail  plate 
by  a  strain  gage  dynamometer  (5)  vdiich  is  a  ring  with  a  cylindrical  inside  and 
an  octahedral  outside  surface,  provided  with  4  resistance  gages.  The  thrust 
is  transmitted  from  the  pinion-driven  toothed  nut  to  the  frame  of  the  machine 
by  a  thrust  ball-bearing. 
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Fig.  7-1  VIEW  OF  MICROSCOPE  STAGE  TESTING 

MACHINE 
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In  addition  to  the  fixture  ahown  in  Fig.  7-1.  adapters  were  made  for 
the  compression  of  specimens  not  provided  with  brass  holders,  and  also  for 
bending  tests  under  four-point  loading.  The  supports  for  the  bending  test 
are  cylindrical  surfaces  covered  with  neoprene  membranes  of  about  0,  007  in, 
thickness;  thus,  concentrated  pressure  on  the  specimen  is  avoided  without 
introducing  too  much  elasticity  in  the  machine. 

3.  THE  HIGH  TEMPERATURE  TESTING  MACHINE 

The  machine  is  designed  for  a  maximum  load  of  5000  lb;  the  load  is 
measured  by  dynamometers  provided  with  sets  of  electric  r^isistance  gages. 
Frictional  forces  are  held  to  less  than  I  oz  by  the  use  of  ball  bearings,  so 
that  the  machine  can  be  used  with  sufficient  accuracy  for  a  Ipad  range  of  about 
5  lb  with  suitable  dynamometers.  Like  the  microscope-stage  testing  machine, 
it  has  a  threaded  rod  drive. 

Heating  of  the  specimen  is  accomplished  with  a  tubular  electric  resis¬ 
tance  heating  element  provided  with  two  diametrally  opposite  lengthwise  slots. 
This  makes  it  possible  to  observe  the  specimen  during  the  test;  it  also  doubles 
the  length  of  the  current  path  and  reduces  by  half  the  c/pss  section,  so  that  the 
heating  current  is  halved.  The  heating  element  is  made  of  tantalum  sheet;  for 
higher  temperatures  (up  to  nearly  4000*F)  a  tungsten  heating  element  can  be 
used.  The  heating  element  is  surrounded  by  three  sets  of  radiation  shields 
(concentric  cylinders  around  the  tube,  circular  plates  above  and  below).  Heat¬ 
ing  element,  radiation  shields,  specimen,  and  grips  are  in  an  evacuated  steel 
vessel  with  water-cooled  walls;  the  pulling  rod  is  also  water  cooled.  The  power 
supply  is  a  saturated  core  transformer  of  25-KVA  capacity. 

Figure  7-2  shows  a  vertical  and  a  horizontal  section  of  the  machine,  and 
a  vertical  view.  Figure  7-3  is  a  photograph  of  the  machine  showing  the  central 
part  of  the  machine  with  the  lower  part  of  the  vacuum  vessel  lowered,  so  that 
the  radiation  shield  is  visible;  the  lower  grip  is  not  inserted.  This  picture  dif¬ 
fers  from  the  drawings  in  Fig.  7-2  in  that  the  two  balance  weights  for  the  re¬ 
movable  lower  part  of  the  vacuum  vessel  have  been  Joined  together  and  the 
sprocket  chains  attached  to  the  joined  weight  are  led  over  two  sprocket  wheels, 
one  with  a  hand-wheel,  to  opposite  sides  of  the  vessel. 
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With  reference  to  the  numbering  used  in  Fig.  7-2,  the  machine  is 
built  vip  on  a  frame  conaiating  of  a  baae  (7),  two  vertical  ateel  columna  of 
2-in.  diameter,  and  a  head-piece  (5);  ita  height  ia  approximately  6  feet. 

Two  ateel  columnn  (4)  are  auapendcd  from  the  head-piece;  their  lower  enda 
carry  a  heavy  ateel  diac  (3)  with  a  central  threaded  hole  (2)  into  which  the 
lower  (fixed)  apecimen  grip  la  acrewed.  The  upper  grip  ia  acrewed  into  a 
threaded  plug  (1)  cloaing  the  lower  end  of  the  lower  part  of  the  pulling  (or 
compreaalng)  rod  (8).  Thia  hollow  rod  ia  water-cooled  in  a  way  aeen  in 
the  drawing.  It  alidea  in  the  thick-walled  tube  (9)  which  ia  the  Upper  part 
of  the  pulling  rod  and  haa  an  Internal  thread  into  Which  the  threaded  rod  (13) 
engagea.  The  tube  ia  prevented  from  rotating  by  the  key  (16),  eo  that  it  ia 
lifted  or  lowered  when  the  threaded  rod  ia  rotated  by  the  pinion  wheel  (14) 
and  the  pinion  (15).  The  pinion  ia  aupported  on  a  awiveling  block  ao  that  it 
can  be  dia engaged  if  the  pulling,  rod  ia  to  be  moved  rapidly. 

y  '  •  t  . 

The  two  parta  (8)  and  (9)  of  the  pulling  rod  are  connected  by  a  thin- 
walled  tube  or  thin  atripa,  the  enda  of  which  are  acrewed  to  (8)  and  (9)  at 
the  pointa  (10)  and  (11),  the  connecting  tube  or  atripa  (not  ahown  in  the  draw¬ 
ing)  carry  the  reaiatance  gagea  and  act  aa  a  dynamometer.  The  lower  part 
(8)  of  the  pulling  rod  ia  guided  in  the  upper  part  by  three  vertical  rowa  of 
ateel  balla  in  a  aingle  cage;  aimilarly.  the  lower  part  of  the  rod  la  guided 
in  the  buahing  (12)  of  the  vacuum  veaael  by  three  rowa  of  ateel  balla.  In 
thia  way  the  friction  ia  reduced,  and  the  rod  ia  guided  with  no  perceptible 
play.  Conaequenily,  it  can  be  uaed  for  compreaalng  apecimena  aa  well  aa 
for  pulling  them,  without  danger  of  buckling  at  the  aliding  Joint  of  the  two 
parta  (8)  and  (9). 

The  original  plan  waa  to  aeal  the  vacuum  veaael  at  the  buahing  (12) 
by  neoprene  bellowa  (22)  atiffened  by  wire  ring.  However,  under  vacuum 
all  bellowa  made  (by  dipping  from  neoprene  latex,  with  textile  or  ateel  wire 
reinforcementa)  had  a  tendency  to  inatability  by  ahear  between  neighboring 
corrugationa;  for  thia  reaaon,  the  bellowa  were  replaced  by  "Bellofram" 
rolling  rubber  diaphragma. 

The  vacuum  veaael  conaiata  of  a  abort  upper  and  a  long  lower  part 
bolted  together  by  flangea  with  a  aealing  rubber  O-ring  between  the  flangea; 
ita  lower  part  can  be  lowered  aa  ahown  in  Fig.  7-3,  by  unbolting  the  connec¬ 
tion  and  turning  the  hand-wheel  ahown  in  Fig.  7-4. 
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Fig.  7-3  VIEW  OF  CENTRAL  PART  OF  HIGH- TEMPERATURE 

TEST  FACILITY 
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Fig.  7-4  OVERALL  VIEW  OF  HIGH- TEMPERATURE  TEST 
FACILITY  FOR  USE  WITH  5000-lb  TESTING 
MACHINE 
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The  heating  element  (28),  of  tantalum  sheet  60  mils  thick  and  the 
upper  horizontal  and  the  cylindrical  radiation  shields  (26)  and  (25)  are  sup¬ 
ported  by  two  heavy  molybdenum  plates  (23)  carried  by  water-cooled  copper 
rods  (24)  which  are  introduced  through  the  top  of  the  vacuum  vessel  electri¬ 
cally  Insulated  and  vacuum  sealed;  above  the  vessel  the  two  busbars  (24)  are 
bracketed  together  by  an  insulating  bar.  The  vertical  section  and  the  verti¬ 
cal  view  in  Fig,  7-2  show  the  position  of  the  vacuum  connection;  the  horizon¬ 
tal  section  (lower  right)  shows  the  two  observation  windows  in  the  lower  part 
of  the  vessel.  The  vacuum  diffusion  pump,  of  course,  is  permanently  attached 
to  the  upper  part  of  the  vessel,  as  seen  in  Fig.  7-^3  and  7-4. 

4.  EXPERIMENTS  ON  THE  FRACTURE  AND  DEFORMATION  OF  NON- 
METALLIC  SINCLE  CRYSTALS 

The  single  crystal  work  falls  into  two  groups,  the  first  with  alkali 
halides  (principally  KCl),  the  second  with  MgO  which,  after  the  pioneering 
work  of  Gilmani'^'l)  and  Stokes^’^"^)  has  become  a  particularly  attractive 
object  of  study  independently  of  its  practical  use  as  a  high  temperature  re¬ 
fractory.  The  main  part  of  these  experiments  was  made  at  room  temper¬ 
ature,  by  microscopic  x-ray  methods;  but  they  also  included  observations 
of  cleavage  surfaces  after  cleavage  in  a  wide  range  of  temperatures. 

^  •  Experiments  with  Alkali  Halides 
a.  Cleavage  Experiments 

Most  of  these  experiments  were  carried  out  with  KCl  crystals  made 
by  the  Harshaw  Chemical  Company;  we  are  Indebted  to  Professor  A.  Smakula 
of  MiT,  who  kindly  gave  us  several  crystals,  and  also  to  our  colleague  Pro¬ 
fessor  F.  A,  McClintock  who  gave  us  a  large  KCl  crystal  produced  by  Harshaw. 

The  crystals  were  cleaved  with  hammer  and  chisel  at  temperatures 
ranging  from  liquid  nitrogen  to  about  600*C.  The  cleavage  surfaces  show 
three  kinds  of  markings:  tracks,  stop-lines  and  worms.  These  will  be  dis¬ 
cussed  separately. 

Tracks  (trajectories,  rivers,  hackles).  These  are  fine  steps  running 
approximately  parallel  to  the  direction  of  crack  propagation.  Figure  7-5  shows, 
as  a  composite  micrograph,  the  entire  cleavage  face  of  a  KCl  crystal,  cleaved 
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at  400*C.  The  horizontal  black  itrip  at  the  top  i«  the  indentation  of  the 
chiiel.  The  entire  area  is  covered  with  more  or  less  finely  spaced  tracks; 
at  the  upper  left  corner  where  the  crack  initiated  they  run  at  about  45^  down~ 
wards  and  to  the  right.  Near  the  middle  of  the  photograph  tihey  become  ap-> 
proximately  horizontal,  and  then  they  swing  upwards. 

Figure  7-6  shows,  at  a  higher  magnification,  a  part  of  Fig.  7-S  (up¬ 
side  down).  There  are  glitterihg  shite  segments  along  some  of  the  tracks. 
They  are  due  to  the  overlapping  of  neighboring  cleavage  planes,  and  the  con¬ 
sequent  undercutting  of  the  step  by  the  lower  plane.  The  resulting  crack 
under  the  step  produces  the  bright  reflection. 


Fig.  7-6  PAkT  OF  FRACTUIUE  SURFACE  OF  KCl  CRYSTAL 
SHOWN  m  Fig.  7-5  (400*C) 

Tracks,  i.  e. ,  new  cleavage  levels,  appear  and  disappear  during  the 
propagation  of  the  crack.  The  part  near  the  center  of  the  left  vertical  edge 
of  Fig.  7-5  illustrates  this  point.  As  the  crack  propagated  vertically  down¬ 
wards,  it  stopped  at  the  dark  broad  horizontal  front,  interrupting  the  active 
cleavage  planes.  Cleavage  is  then  re-started  in  a  large  nunnber  of  neighbor¬ 
ing  planes,  giving  rise  to  very  closely  spaced  tyacks.  Soon,  however,  groups 
of  neighboring  shallow  steps  Join  to  a  snnall  number  Of  large  steps. 
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Fifure  7-7  (clemvag*  at  4Q0*C)  ahowt  d«tail«  o£  how  tracks  mergo. 

It  both  are  of  the  "same  sign"  they  join  to  form  a  single  step  the  height  of 
which  is  the  sum  of  the  heights  of  the  two  constituent  steps.  This  occurs 
several  times  alone  the  largest  step  near  the  middle  of  the  figure  which  in¬ 
creases  in  height  as  the  crack  propagated  from  right  to  the  left.  If  the 
merging  steps  are  e<tual  in  height  but  of  opposite  sign,  they  annihilate  each 
other.  This  occurs  in  Fig.  7-7  at  the  nearly  horisontal  V-shaped  junctions. 


Fig.  7-7  cleavage  tracks  (RIVER  MARKS)  ON 
FRACTURE  SURFACE  OF  KCl  CRYSTAL 
(Cleaved  at  400  *C) 

Figure  7-8  shows  a  cleavage  surface  produced  in  impact  bending  with 
a  blunt  instrumeiit.  The  number  of  tracks  is  very  small  at  the  beginning  but 
it  increases  so  rapidly  ttuit  finally  the  surface  presents  a  fur-like  appearance. 
The  cause  of  this  is  not  clear;  the  forking  apart  of  cleavage  planes  at  screw 
dislocations  produced  by  plastic  deformation  may  be  a  factor.  Figure  7-9 
shows  details  of  steps  with  dislocation  etch- pits  in  a  crystal  cleaved  at  500*  C. 
There  is  a  clear  tendency  for  rows  of  dislocation  pits  to  accompany  steps, 
giving  evidence  of  plastic  deformation  where  a  lamella  between  aeighboriag 
cleavage  planes  is  tern  apart  in  the  formation  of  a  step. 
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Fig.  7-8  FIUCTURE  SURFACE  OF  KCl  CRYSTAL 
BENT  BY  IMPACT  AT  200* C 


Fig.  7-9  CLEAVAGE  TRACKS  ON  KCl 
CP.YSTAL  CLEAVED  AT  500* C 
Showing  dislocation  etch-pit 
distribution. 
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stop  Lineg,  The  most  conspicuous  festurs  oi  Fig.  7-5  is  the  three 
concentric  lines  near  the  upper  left  corner  of  the  picture.  These  are  crack 
fronts  where  the  crack  propagation  has  temporarily  stopped,  due  to  either  a 
drop  of  the  load  (the  cleaving  chisel  may  not  follow  the  cleavage  fast  enough, 
or  a  drop  of  lodal  stress  due  to  bulging  of  the  crack  front).,  or  due  to  reflected 
stress  waves.  Once  the  crack  velocity  has  dropped,  the  yield  stress  may  dfi- 
crease  below  the  cleavage  strength  and  plastic  deformation  may  be  large  enough 
to  result  in  ductile  fracture,  as  seen  more  clearly  at  higher  magnification  in 
Fig.  7-10.  The  direction  of  crack  propagation,  and  that  of  the  tracks,  changes 
behind  the  st.oy  line 


Fig.  7-10  ORIGIN  OF  CLEAVAGE  FRACTURE  RE-INITIATION 

After  extensive  plastic  deformation  at  a 

FRACTURE-STOP  FRONT 

An  interesting  question  is  why  ductile  fracture  changes  again  to  cleav¬ 
age  fracture.  Plastic  deformation  raises  the  yield  stress;  in  general,  it  also 
raises  the  cleavage  strength  ("strain  strengthening").  If  the  rise  of  the  yield 
stress  is  greater,  strain  hardening  may  lead  to  cleavage  fracture.  However, 
this  did  not  occur  in  the  wide  belt  of  ductile  fracture  in  Fig.  7-10.  The  most 
plausible  explanation  is  that  plastic  deformation  produced  a  tri-axiality  of  ten¬ 
sion  which  finally  started  cleavage  fracture. 
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This  explanation  for  the  mechanism  of  stop  lines  and  re-nucleation 
of  cleavage  was  first  advanced  by  l*elbeck  and  Orowan  (Weld.  Journ.  Rea. 
Suppl.  Kov.  I955I1  based  upon  observations  in  low  carbon  steel.  This  view 
finds  support  by  i^e  fact  that  stop  tines  in  KCl  do  not  occur  at  very  low  tem¬ 
peratures  ind  become  more  and  more  marked  as  the  temperature  rises. 

The  observation  of  the  phenomenon  in  KCl  is  of  interest  because  it  has  been 
suggested  that  the  yield  phenomenon  in  iron  plays  a  decisive  role  in  produc¬ 
ing  brittle  fracture;  according  to  the  view  mentioned,  the  yield  delay  (which 
is  connected  to  the  yield  phenomenon)  would  give  a  chance  for  cleavage  to 
occur  before  plastic  deformation  would  take  the  upper  hand.  Since  KCl, 
which  shows  no  yield  phenomenon,  displays  the  stop  line  behavior  as  iron, 
the  yield  delay  hypothesis  is  not  plausible  in  th<a  latter  case,  Both  cases 
conform  with  the  picture  based  on  the  development  of  triaxial  tension  at  the 
crack  tip  after  local  plastic  deformation. 

Worms.  Figure  7^5  shows  a  third  feature  of  cleavage  faces  most 
clearly  visible  as  light  curved  lines  at  the  bottom  of  the  bottom  right  q[uan- 
drant.  They  are  also  present  around  the  center  of  the  upper  edge  of  the 
figure  in  the  form  of  light  lines  sloping  at  about  45*  downwards  and  to  the 
right.  These  lines  have  been  termed  '*worms*'. 

Worms  are  clearly  observable  above  about  200* C  and  they  are 
Strongly  marked  above  400* C.  Their  most  striking  characteristic  is  that 
they  do  not  match  on  oppoiite  cleavage  faces.  Figure  7-11  shows  this  fact. 
The  two  cleavage  faces  are  shown  ■i<le  by  side;  the  illumination  was  chosen 
BO  that  the  worms  appear  mostly  as  sharp  lines.  Since  they  do  not  match, 
worms  must  have  been  formed  after  the  crack  has  passed  through,  but  be¬ 
fore  fracture  was  complete.  This  is  in  accord  with  the  fact  that  worms 
become  conspicuous  only  at  higher  temperatures  uhen  the  yield  stress  be¬ 
comes  sufficiently  low  and  pencil  glide  appears. 

b.  Plastic  Crack  Origination  in  KCl 

In  unpolished  crystals  fracture  starts  almost  Invariably  at  the  sur¬ 
face,  evidently  at  a  Surface  crack  of  the  Griffith  type.  In  water-polished 
crystals,  on  the  other  hand,  most  surface  cracks  have  been  removed  and 
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fracture  atarta,  more  often  than  not,  in  the  interior.  Figure  7-12  ahows 
a  cleavage  aurface  with  the  crack  origin  which  make  a  an  angle  of  about  20* 
with  the  cleavage  plane.  Particularly  in  thia  caae,  the  initiating  crack 
doea  not  aeem  to  be  an  inherent  flaw:  it  aaema  to  have  been  produced  by 
the  preceding  plaatic  deformation 


Fig.  7-11  FRACTURS  SURFACE  MARKINGS 
ON  A  KCl  CRYSTAL  CLEAVED  AT 
600*C 

Note  eapecially  the  wavy  (worm) 
tinea. 

c.  Pencil  Glide  in  KCl 

Figurea  7-13  and  7-14  ahow  alip  banda  in  KCl  deformed  at  300*C,  the 
latter  being  a  caae  of  extreme  pencil  glide.  It  haa  been  known  for  a  long 
time^’^"^^)  that  KCl  ahowa  a  higher  temperature  alip  both  on  the  (110)  and  (111) 
planea,  in  the  ^loj  direction. 

Figure  7-13  ia  intereating  in  that  it  ahowa  two  wide  banda  practically 
without  alip  markinga.  Examination  of  the  cryatal  revealed  that  in  theae 
banda  alip  haa  taken  place  with  a  alip  direction  parallel  to  the  plane  of  the 
figure.  Thia  haa  inhibited  alip  band  formation  with  alip  direction  at  an  angle 
to  the  aurface  of  the  cryatal,  i.  e. ,  the  formation  of  viaible  alip  banda. 
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Fis.  7-12  INTERNAL  FRACTURE  ORIG,IN  IN 

A  WATER  POLISHED  KCl  CRYSTAL 
BENT  AT  20*C.  Plane  of  fracture 
origin  makea  an  angle,  of  22*  with  the 
(100)  cleavage  plane. 


Fig.  7-13  SURFACE  SLIP  STEPS  ON  KCl 
CRYSTAL  DEFORWiED  AT  300* C 
IN  BENDING.  The  horiaontal 
bands  are  (110)  slip  banda  with 
the  alip  direction  in  the  aurface 
of  the  crystal. 
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Magnetium  oxide  belonga  to  a  group  of  cryatala  which  can  be  obtained 
with  a  very  low  dielocation  denaity.  It  wae  obaerved  in  LIF  by  Oilmanl?-!), 
in  MgO  by  Stokea  and  Johnatoni'^*'^),  in  ailicon  iron  by  Low^7-3)  that  alip  in 
auch  cryatala  occura  by  the  formation  and  gradual  widening  of  banda  very  \uii~ 
formly  filled  by  dialocationa;  Gilman  could  ahow  that  the  dlalocationa  are  pro¬ 
duced  by  double  croaa  alip  multiplication.  To  avoid  confuaion,  theae  banda 
vrill  be  called  Gilman  bands*  They  are  certainly  quite  different  from  alip 
banda  in  the  uaual  aenae  of  the  word  which  ariae  from  alip  Unea  at  a  later 
stage  of  the  deformation. 

Stokea  and  Johnston  have  obaerved  that  Gilman  bands  in  MgO  may  suf¬ 
fer  a  parallel  displacement  where  they  are  intersected  by  another  band.  Fig¬ 
ures  7-15  and  7-16  are  examples  of  this.  The  narrow  vertical  band  in  Fig. 

7-15  has  evidently  siiffered  a  counterclockwise  shear  by  the  operation  of  the 
wide  horizontal  band;  this,  however,  might  have  been  the  result  of  a  pure  trans¬ 
lation.  In  some  cases,  however,  details  of  the  intersection  do  not  seem  com¬ 
patible  with  a  simple  translation  (e.  g. ,  Fig.  7-16).  In  Fig.  7  17  the  surface 
of  an  MgO  crystal  is  seen  that  has  been  compressed  in  two  stages  and  etched 
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Tig.  7-17  STAGGERING  OF  DISLOCATION 

SLIP  BANDS  UNDER  REACTIVATED 
FLOW  IN  MgO  SINGLE  CRYSTALS 

after  each  compreieion.  The  atroagly  etched  dark  parte  of  the  baade  were 
the  reeulte  of  the  flret  coRipreaeion;  the  lighter  part,  thoee  of  second.  The 
narrow  dark  band  hae  been  sheared  by  the  three  intersecting  wide  bands. 

The  remarkable  point  is  that  the  light  lower  edges  of  the  three  wide  bands 
are  sharply  staggered  at  the  intersection,  while  the  dark  cores  of  the  wide 
bands  must  have  progressed  by  different  amounts  above  and  below  the  inter¬ 
sections.  This  means  that  the  deformation  could  not  have  been  a  simple 
translation  which  would  not  have  permitted  any  staggering  of  the  band  edges. 
A  similar  picture  of  this  same  phenomenon  is  shown  in  Fig.  7-18. 

To  decide  whether  a  non-translational  deformation  (lattice  rotation) 
has  taken  place  at  the  band  intersections,  x-ray  images  of  the  crystal  faces 
have  been  prepared  with  the  Berg(7-4)  .  Barrett(7-5)  method.  In  this  meth¬ 
od  a  sufficiently  divergent  bundle  of  monochromatic  x-rays  falls  on  the  face 
of  the  crystal  to  produce  Bragg  reflection  at  a  suitable  atomic  plane.  If  the 
crystal  is  perfect  and  it  is  fully  bathed  in  the  x-ray  beam,  an  image  of  tmi- 
form  density  of  the  crystal  outlines  is  reflected.  If,  however,  there  is  a 
volume  of  slightly  different  orientation  in  the  crj'stal,  the  Bragg  reflection 
is  displaced,  and  the  area  corresponding  to  the  disoriented  volume  on  the 
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Fig.  7-18  SLIP-BANDS  IN  MgO  UNDER  REACTIVATED 
FLOW  (Aa  In  Fig.  7-17) 

film  ifi  lighter  or  completely  white.  The  intersection  already  shown  in  the 
optical  photograph  of  Fig.  7-18  is  presented  under  transmitted  polarised 
light  in  Fig.  7-19(s)»  and  by  the  Berg-Barrett  x-ray  image  in  Fig.  7-19(b): 
an  arrow  in  the  latter  points  at  the  intersection  shown  in  Fig.  7-19(a).  These 
figures  show  that  the  intersection  is  broken  up  into  three  areas;  in  the  x-ray 
image  Fig.  7-19(b),  the  reflection  from  the  central  area  can  be  found  Just  be¬ 
yond  the  lower  left  hand  corner  of  the  intersection,  while  the  reflections  from 
the  top  and  bottom  areas  have  been  displaced  by  the  same  amount  upward  and 
to  the  right.  The  intersection  Itself  is  white  on  the  x-ray  image  which  shows 
the  appearance  of  the  x-ray  film  itself  (not  a  print  of  the  film).  The  Gilman 
bands  are  dark  because  the  dislocations  have  reduced  primary  extinction  and 
produced  a  mosaic  effect. 

Figure  7-20  shows  a  simple  way  in  which  the  lattice  can  suffer  a  rota¬ 
tion  at  the  intersection  of  slip  bands.  If  the  horisontal  band  operates  first 
and  then  the  vertical  band  becomes  active,  the  shear  produced  by  slip  in  the 
vertical  band  outside  the  intersection  may  arise  partly  or  mainly  by  the  opera¬ 
tion  of  the  slip  planes  of  the  horiaontal  band  in  the  volume  of  Intersection.  In 
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Fig.  7-19(»)  AREA  OF  MgO  CRYSTAL  SHOWN 

IN  Fig.  7-16  VIEWED  UNDER  TRANS¬ 
MITTED  POLARIZED  LIGHT 


Fig.  7-19(b)  BERG- BARRETT  X-RAY  IMAGE 
OF  SAME  AREA 


Fig.  7-20  SCHEMATIC  REPRESENTATION  OF  LATTICE 
ROTATION  AND  DISLOCATION  MOVEMENT 
DURING  GROWTH  OF  INTERSECTING 
GILMAN  BANDS 
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other  words,  the  deformation  in  the  vertical  band  may  be  due  to  slip  outsids 
the  intersection,  and  to  klnking(7'’6,  7-7)  plug  gUp  in  the  intersection.  Fig¬ 
ure  7-20  shows,  for  simplicity,  the  case  in  which  the  deformation  at  the  inter¬ 
section  is  purs  kinking.  If  the  arrows  indicate  the  direction  of  movement  of 
the  material  adjacent  to  the  slip  bands,  the  termination  of  slip  in  the  vertical 
band  at  the  boundary  of  the  intersection  gives  rise  to  the  edge  dislocations 
indicated  in  the  drawing;  at  the  boundaries  of  the  kink  (the  vertical  boundaries 
of  the  parallelogram  surrounding  the  intersection)  edge  dislocattens  Shown  in 
the  figure  arise.  The  edge  dislocations  surround  the  parallelogram  in  the 
same  sense  of  rotation.  This  is  a  consequence  of  the  fact  that  the  dislocations 
have  arrived  at  the  horizontal  sides  of  the  parallelogram  coming  from  the  out¬ 
side,  while  the  kink  dislocations  at  the  vertical  sides  have  come  from  inside 
the  volume  of  intersection.  This  is  closely  connected  with  the  theorem  of 
conjugate  shear  stresses  and  the  corresponding  theorem  about  the  directions 
of  shear  on  two  perpendicular  faces:  in  the  irrotational  case  the  edge  dislo¬ 
cations  on  adjacent  sides  of  the  parallelogram  would  have  opposite  senses  of 
rotation. 

Evidently,  the  case  shown  in  Fig.  7-20  can  easily  arise.  When  slip 
starts  in  the  vertical  band,  the  volume  of  the  intersection  is  already  filled 
with  dislocations  of  the  horisontal  band;  the  shear  In  the  vertical  band  can 
be  as  easily  produced  by  slip  on  the  horisontal  planes  as  on  the  vertical  planes, 
or  perhaps  more  easily. 

It  seems  to  be  the  rule  that  a  Gilman  band  behaves  in  a  manner  similar 
to  Luders  bands:  deformation  increases  by  the  widening  of  the  band,  and  no 
significant  additional  slip  occurs  inside  the  band.  Experiments  for  investi¬ 
gating  possible  changes  of  orientation  at  slip  band  intersections  in  other  crys¬ 
tals  (first,  in  KCl)  are  in  progress. 

5.  DISCUSSION 

Conversion  of  slip  into  kinking  takes  place,  according  to  x-ray  evi¬ 
dence,  probably  in  all  intersections  of  Gilman  bands  in  MgO,  at  least  in  those 
which  are  large  enough  to  be  explored  by  the  Berg-Barrett  method.  The  ques¬ 
tion  is  whether  this  phenomenon  is  to  be  expected  more  generally. 
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A.  AiteTiBTO 

M»gne»ium  Oxide,  like  other  cryetale  of  the  NaCl  type,  preeente 
particularly  favorable  conditions  for  the  process;  every  slip  plane  is  inter¬ 
sected  by  a  perpendicular  slip  plane  with  the  slip  direction  normal  to  the 
line  of  intersection.  However,  there  is  a  weighty  reason  for  expecting  the 
kink  conversion  process  to  occur  very  generally,  fairly  independently  of  the 
structure  of  the  crystal.  This  is  the  general  occurrence  of  asterism.  Be¬ 
tween  1925  and  1930  the  phenomenon  of  x-ray  asterism  was  in  the  center  of 
attention  in  work  on  the  plasticity  of  crystalline  materials.  Yamaguchi^ 
Burgers^^"^),  and  Taylor^'i^'^O)  suggested  that  asterism  would  be  due  to  the 
curvature  of  the  lattice  at  the  boundaries  of  slipped  areas,  1.  e, ,  at  what  is 
today  called  dislocations.  This  possibility  disappeared  when,  on  Taylor's 
suggestion,  Starri*^'^^)  calculated  the  distortions  at  the  tips  of  sheared 
cracks  and  found  that  the  lattice  curvature  could  not  account  for  the  observed 
asterism.  Subsequently,  Orowan  and  Pascoe^T'^’)  found  that  the  asterism 
of  an  extended  cadmium  crystal  was  entirely  the  consequence  of  a  alight 
macroscopic  bending.  However,  this  was  not  possible  in  the  case  of  cubic  > 
single  crystals  such  as  those  of  aluminum. 

Evidently,  the  kink  conversion  observed  in  MgO  crystals  gives  rise 
to  asterism,  and  a  glance  at  Fig.  7-20  shows  that  the  direction  of  lattice  ro¬ 
tation  produced  by  kinking  is  the  same  as  that  associated  with  x-ray  asterism 
of  the  "microscopic'*  type  (i.  e. ,  that  which  is  not  due  to  macroscopic  bending), 
The  only  other  way  of  explaining  microscopic  asterism  of  which  one  is  aware 
at  present  is  the  small-scale  local  bending  of  slip  lamellae  into  which  the  crys¬ 
tal  breaks  up  ("flexural  slip"  of  Polanyi(7-l 3)).  This  process  is  clbsaly  re¬ 
lated  to  kinking;  it  may  be  regarded  as  a  continuously  distributed  kinking. 

Small  but  sharp  kink  bands  embedded  in  a  crystal  grain  filled  with  slip 
lines  have  been  observed  in  aluminum  by  Cahn('^~^^),  According  to  Barrett 
and  Levenson(7-lS),  slip  and  kinking  contribute  almost  equally  to  the  defor¬ 
mation  of  iron.  In  a  polycrystalline  material  kinking  could  be  understood  as 
a  consequence  of  constraints  imposed  upon  slip  by  grain  boundaries;  in  single 
crystals,  however,  the  conversion  of  slip  into  kinking  at  band  intersections 
seems  to  be  the  first  possibility  of  understanding  the  occurrence  of  kinking  as 
a  sporadic  local  phenomenon. 
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B.  Kink  Conytysion  and  Strain  Hardening 

A  kinked  band  intersection  is  a  prlam  enclosed  by  a  low  angle  bound¬ 
ary;  it  is,  therefore,  an  obstacle  to  further  slip.  Its  resistance  to  disloca¬ 
tions  approaching  in  the  slip  bands  can  be  calculated  by  the  summation  of  the 
stresses  produced  by  the  dislocations  surrounding  the  prism.  The  interest 
of  this  point  lies  in  the  fact  that,  according  to  the  discovery  of  E.  Schmid(7“16)^ 
cubic  metal  crystals  strain  harden  far  more  rapidly  than  crystals  of  hexagonal 
or  tetragonal  metals.  The  simplest  interpretation  of  this  is  the  assumption 
that  the  main  factor  in  the  strain  hardening  of  cubic  (in  particular,  of  cubic 
face  centered)  metals  it  the  intersection  of  slip  bands  with  non-parallel  slip 
directionsi  Accordingly,  most  theories  of  strain  hardening  in  the  1950's 
were  based  on  the  assumption  that  dislocations  on  intersecting  octahedral  slip 
planes  in  cubic  face  centered  crystals  would  fuse  to  give  Lomer-Cottrell  ses¬ 
sile  dislocations  which  would  be  effective  obstacles  to  slip.  Sessile  disloca¬ 
tions  would  lie  along  the  line  of  intersection  of  the  two  slip  planes;  they  could 
be  Identified  in  electron  micrographs  as  straight  dislocations  in  (110)  direc¬ 
tions.  Such  straight  dislocation  segments  have  not  been  observed  frequently 
in  electron  micrographs;  their  conspicuous  rarity  raises  doubts  about  the  role 
of  Lomer-Cottrell  dislocations  in  strain  hardening.  It  is  of  interest,  there¬ 
fore,  that  kink  conversion  at  slip  band  intersections  presents  an  alternative 
possibility  of  obtaining  strain  hardening  by  the  operation  of  intersecting  slip 
bands, 

Schmid's  observation  that  strain  hardening  is  much  mors  rapid  in 
cubic  crystals  would  be  described  today  by  saying  that  such  crystals  have  a 
very  short  easy  glide  region  (a  few  per  cent  shear  strain),  whereas  hexagonal 
crystals  may  show  easy  glide  over  a  range  of  shear  strain  exceeding  100  per 
cent.  The  absence  of  microasterism  in  cadmium  crystals  over  a  large  strain 
range  is  a  strong  indication  of  an  intimate  connection  between  the  cessation  of 
easy  glide  and  the  beginning  of  lattice  rotations.  Since  Lomer-Cottrell  dislo¬ 
cations  could  hardly  produce  the  observed  asterism,  the  ppssibility  that  kink 
conversions  rather  than  sessile  dislocations  are  responsible  for  the  strain 
hardening  results  from  intersecting  slip  planes  receives  additional  emphasis. 
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C •  Btmchlnger  and  Other  Revertal  Effects 

It  has  been  found  recently  that  a  atrain  reversal  produces  not  only 
the  classical  Bauschinger  effect  but,  in  addition,  a  permanent  lowering  of 
the  stress -atrain  curve.  This  could  be  due  to  the  destruction  of  disloca¬ 
tion  pile-ups  and  the  building  up  of  opposite  pile-ups;  however,  it  seems  that 
this  cannot  account  for  the  whole  effect.  Evidently,  strain  reversal  in  the 
vertical  Gilman  band  in  Fig,  7-20  could  gradually  remove  the  kinked  volume 
at  the  intersection:  insofar  as  such  a  reverse  slip  is  possible  in  a  band,  a 
part  of  the  strain  hardening  could  be  destroyed  by  reverse  ^training.  In 
this  connection  the  remarkable  experiments  of  Polanyi^"^"^^)  should  be  re¬ 
membered,  who  found  that  the  ability  fb  undergo  recrystalliaatlon  can  be 
destroyed  by  additional  reverse  deformation. 

D,  Kink  Stresses  and  Fracture 

Kinking  gives  rise  to  several  types  of  internal  stress.  lAxiggei^’^) 
already  observed  that  disthene  (kyanite)  has  a  tendency  to  fracture  along  the 
kink  plane  and  attributed  this  to  the  bending  stresses  in  the  sharply  bent  kink 
lamellae.  Other  types  of  internal  stress  may  also  arise.  If  |  is  the  angls 
between  the  active  slip  plane  and  the  normal  to  the  kink  plane,  t  the  thickness 
of  the  slip  lamellae  in  the  kink  band,  b  the  length  of  the  Burgers  vector,  and 
n  an  integral  number,  the  relationship  2t  tan  0  ■  nb  must  be  satisfied  to 
avoid  tensile  and  compressive  stresses  parallel  to  the  kink  planeC^^V)',  tijig 
demands  a  progressive  change  of  the  orientation  of  the  kink  plane  with  increas¬ 
ing  kink  strain  (i.e.,  with  increasing  n).  Such  change  of  orientation  can  only 
be  produced  by  high  internal  stresses  because  of  non-fulfillment  of  this  equa¬ 
tion.  The  corresponding  elastic  strain  may  reach  a  magnitude  between  1  and 
2  per  cent  as  measured  from  the  birefringence  observed;  such  stresses  could 
easily  induce  crack  formation.  In  the  past,  crack  formation  by  plastic  defor¬ 
mation  has  been  attributed  to  dislocation  reactions.  An  is  seen  in  Fig.  7-19(u)> 
the  stresses  due  to  kinking  seem  to  offer  a  much  more  likely  explanation  for 
the  initiation  of  cracks  of  the  types  observed. 
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6.  CONCLUSIONS 

(a)  A  microccope-atage  testing  machine  was  built  for  tension,  com¬ 
pressing  and  bending. 

(b)  A  high  temperature  testing  machine  for  leads  up  to  5000  lb  and 
temperatures  up  to  about  4000* F  was  built, 

(c)  The  cleavage  mechanism  of  alkali  halide  crystals  was  studied. 

(d)  Kinking  was  observed  by  x-ray  imaging  methods  at  tha  intersec¬ 
tions  of  Gilman  bands  in  MgO.  The  conversion  of  slip  to  kinking  at  band 
intersections  produces  stresses  which  may  be  responsible  for  that, part  of 
strain  hardening  which  so  far  has  been  attributed  to  individual  dislocation 
reactions;  they  could  also  produce  cracking  of  the  types  which  were  ob¬ 
served  but  could  not  be  satisfactorily  explained  by  Individual  dislocation 
reactions, 
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TASK  8  -  THE  INFLUENCE  OF  IMPURITIES  ON  THE  BRITTLE 
FRACTURE  OF  INORGANIC,  NON-METALLIC  CERAMICS 


Princilpal  Investigator:  I.  B.  Cutler 

University  of  Utah 


ABSTRACT 

The  research  work  on  this  program  is  concerned  with  the  ef¬ 
fect  of  impurities  upon  the  mechanical  and  physical  properties  of 
multicrystalline  ceramic  oxides.  To  segregate  the  effect  of  indi¬ 
vidual  doping  elements,  methods  were  developed  for  the  production 
of  high  purity  AI9O3  and  MgO  bodies  substantially  superior  to  com¬ 
mercially  available  materials. 

High  purity  powders  prepared  in  this  fashion  were  pre- sintered 
with  impurities  ranging  from  0  to  lO^pm.  The  optimum  cold-pres¬ 
sing  and  sintering  conditions  for  the  attainment  of  maximum  densi-r 
ties  were  determined,  and  methods  were  developed  for  the  fabrica¬ 
tion  of  test  specimens  of  the  desired  shape.  These  were  then  used 
for  the  determination  of  grain  sises,  density  and  modulus  of  rupture 
values, 

Satisfactory  post-sintered  doping  methods  were  also  developed 
but  time  did  not  allow  for  detailed  studies  of  specimens  prepared  by 
this  technique. 
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TASK  8  -  IMPURITY  INFLUENCES 


1.  INTRODUCTION 

The  principal  aim  of  thia  Task  ia  to  investigate  the  effect  that 
carefully  controlled  quantities  of  impurities  have  upon  the  mechan¬ 
ical  and  physical  behavior  of  high  purity  multicrystalline  ceramics, 
represented  in  this  program  by  AI2O3  and  MgO.  The  effect  of 
small  quantities  of  impurities  upon  the  properties  of  resulting  cera¬ 
mic  bodies  have  been  seldom  explored  beforei  investigations  to  date 
were  oriented  principally  toward  the  exploration  of  the  effect  of  dop¬ 
ing  constituents  upon  the  transmissibility  of  electromagnetic  radia¬ 
tion  mainly  in  the  infared  region  and  the  visible  region  in  single 

(8-1) 

crystals,  or  for  the  control  of  electrical  properties' 

The  reasons  for  this  lack  of  information  are  readily  traceable 
to  a  single  source:  the  difficulty  of  producing  truly  pure  MgO  or 
AI2O3.  The  most  careful  methods  in  current  commercial  use  gen¬ 
erally  leave  an  impurity  content  of  about  400-600  ppm  even  for 
single  crystals;  in  the  best  polycrystals  the  impurity  concentration 
is  far  higher  (except  for  special  laboratory  applications  where  im¬ 
purity  levels  as  low  as  100  ppm  have  been  achieved^®"  in  multi¬ 
crystalline  AI2O2. )  Impurities  at  these  levels  would  tend  to  mask 
out  any  effect  that  doping  constituents  admixed  in  small  quantities 
may  otherwise  have  on  the  behavior  of  these  oxides. 

Excessive  amounts  of  impurities  generally  segregate  out  at  the 
grain  boundaries  and,  by  restricting  the  motion  of  dislocation  glide 
bands  across  grain  boundaries,  would  restrict  the  tendency  for 
plastic  flow  in  the  material.  Doping  elements  diffused  uniformly 
through  the  crystal  lattice  are  likely  to  act  as  a  strong  pinning 
mechanism,  substantially  raising  the  friction  stress  required  to 
mobilize  dislocations  or  vacancies.  The  general  result  of  both  of 
these  mechanisms  would  be  to  restrain  plastic  flow  while  raising 
the  strength  of  the  host  material:  in  one  word,  embrittlement. 
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Thi$  v/a«  confirmed  by  the  recent  work  of  Rosenberg  and  Cadoff^®"^^ 
who  found  that  the  diffusion  of  a  surface  coating  of  Mg  into  pure 
LiF  crystals  caused  a  complete  embrittlement  of  this  inherently 
ductile  material.  Fracture  occurred  without  noticeable  macro¬ 
scopic  yielding  (as  compared  to  3-10  percent  over-all  plastic  strain 
in  undoped  LiF);  at  the  same  time  the  stress  at  fracture  was  in¬ 
creased  from  1,  500  to  11,  000  psi.  While  this  order -of -magnitude 
increase  cannot  be  expected  to  occur  with  each  doping  element 
(since  in  trtis  example  a  bivalent  material  was  diffused  into  a  mon¬ 
ovalent  host  substance,  raising  the  valence  bonds  of  the  lattice  con¬ 
figuration),  the  general  results  are  indicative  of  the  strengthening/ 
embrittling  effect  likely  to  accompany  the  addition  of  doping  sub¬ 
stances  to  otherwise  pure  ionic  materials. 

It  is  conceivable,  however,  that  in  inherently  brittle  materials 
some  doping  elements  could  exert  a  beneficial  influence;  this  could 
be  brought  about  if  impurities  restrict  the  dislocation  glide  paths  to 
distances  short  enough  so  as  to  prevent  the  pile-up  of  sufficient  num¬ 
ber  of  dislocations  to  form  incipient  cracks.  The  result  would  then 
be  analogous  to  the  strength  of  enhancement  attainable  through  a  reduc¬ 
tion  in  grain  sise.  Also,  if  impurities  can  be  made  to  act  as  a  dislo¬ 
cation  Initiation  source,  the  increased  dislocation  density  nucleated 
from  sites  of  impurity  ions  may  impart  a  measure  of  ductility  to 
otherwise  wholly  brittle  materials. 

In  pursuing  these  research  objectives,  the  primary  need  lay  in 
the  preparation  of  high-purity  bodies  of  multicrystalline  MgO  and 
AI2OJ  of  suitable  siaes  to  allow  for  the  preparation  of  test  speci¬ 
mens.  The  techniques  developed  for  this  purpose  are  described  in 
Sections  2  and  3.  A  detailed  investigation  was  then  undertaken  for 
methods  that  would  allow  for  the  successful  doping  of  the  resulting 
bodies  in  the  pre-sintered  and  post-sintered  state,  as  well  as  for 
the  optimum  pressing  and  sintering  techniques  required  to  yield 
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specimens  of  maximum  attainable  density.  Research  associated 
with  this  phase  of  the  program  is  described  in  Section  4. 

Rather  complete  results  were  obtained  for  the  density,  grain 
sis'.es  and  flexural  strengths  of  pre-sintered  specimens.  Time» 
however,  did  not  permit  a  statistical  analysis  of  the  data  collected, 
nor  could  similar  experimen'ul  results  be  developed  for  the  speci¬ 
mens  obtained  by  post-sintered  doping  techniques. 


2.  PREPARATION  OF  HIGH-PURITY  AI2O3  POWDERS 

Attempts  were  made  to  prepare  a  substantially  pure  AI2OJ 
starting  from  a  number  of  reagent  grade,  thermally  unstable  salts. 
Aluminum  chloride,  aluminum  sulfate,  aluminum  hydroxide,  and 
aluminum  nitrate  are  the  salts  that  were  used;  the  green  and  fired 
densities  of  bodies  prepared  by  the  various  methods  are  shown  in 
Table  8-lV.  Aluminum  oxide  specimens  that  resulted  from  the 
decomposition  of  either  the  hydroxide  or  nitrate  were  observed  to 
have  unsatisfactory  green  and  fired  densities;  approaches  involving 
these  compounds  were  therefore  abandoned.  The  '^2^3  *P<>ci>nons 
prepared  by  the  decomposition  of  the  chloride  or  sulfate  of  alumi¬ 
num  were  found  to  be  satisfactory  and  very  similar  to  each  other. 
The  sulfate  proved  more  difficult  to  work  with  than  the  chloride. 

For  this  reason,  AiCl^  was  selected  as  intermediate  in  the  prepar¬ 
ation  of  high-purity  Al20^  from  metallic  aluminum.  The  green  den 
sities  of  AI2OJ  prepared  by  calcining  AlCl^  at  IZSC'^C,  determined 
as  a  function  of  calcining  time,  are  presented  in  Table  8-V.  It  was 
found  that  three  hours  calcination  at  1250*^0  gave  essentially  the 
same  results  as  one  hour  calcination  at  I300°C.  It  was  decided  to 
calcine  the  chloride  at  1250*^  -  1275*^0  for  four  hours. 

The  feasibility  of  decoi^posing  amalum  rather  than  AlCl^  to 
prepare  a  high-purity  Al20^  was  also  investigated.  An  excellent 
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high- density  Al^O^  was  prepared.  The  alum  was  obtained  as  the 
residue  from  the  evaportion  (to  dryness)  of  a  mixture  made  by  ad¬ 
ding  reagent  grade  ammonium  sulfate  to  the  aqueoiis  AlCl^  solution. 
Calcination  of  the  alum  was  accomplished  under  the  same  conditions 
as  those  used  to  decompose  AlCl^.  A  temperature  of  1750°C  for  ca. 
two  hpurs  in  a  vacuum  furnace  resulted  in  the  highest  densities.  It 
is  believed  that  the  use  of  a  vacuum  furnace  for  the  introduction  of 
impurities  will  be  impractical  since  a  number  of  the  additives  are 
volatile.  The  results  giv^n  in  Table  8- VI  show  that  the  AI2O2  pre¬ 
pared  from  the  alum  is  a  ightly  more  dense  than  that  prepared  from 
AlClj.  However,  the  product  from  the  alum  calcination  was  not  con¬ 
sidered  sufficiently  superior  to  that  from  the  AlCl^  to  warrant  the 
risk  of  contamination  from  the  ammonium  sulfate. 

In  the  final  procedure  established  for  the  preparation  of  high- 
purity  alumina  for  use  in  this  program,  aluminum  ingots  99,  999  per¬ 
cent  pure  were  cut  into  small  pieces  with  a  motor-driven  saw,  Iron 
deposited  from  the  saw  and  other  surface  contaminants  were  removed 
from  the  pieces  by  means  of  an  overnight  wash  in  room-temperature 
hydrochloric  acid. 

The  clean  pieces  of  aluminum  were  then  dissolved  at  ca.  100°C 
in  reagent  grade  hydrochloric  acid.  This  was  done  in  Teflon  beakers. 
The  Teflon  beakers  were  suspended  in  aluminum  cooking  pans  which 
were  then  filled  with  oil.  The  acid  solution  was  brought  to  a  boil. 
Distilled  water  was  sometimes  added  to  the  acid  to  speed  the  dissolu¬ 
tion  of  the  aluminum. 

The  resulting  solution  was  dried  at  ca.  200°C  to  yield  a  residue 
of  clean,  white  AlCl^  ’  6H2O  crystals.  These  crystals  were  calcined 
for  four  hours  at  1250  to  1275°C.  Particle  sises  were  found  to  be  one 
micron  or  smaller  in  the  calcined  powder. 

Table  8-1  compares  the  purity  of  the  AI2OJ  prepared  by  this  pro¬ 
cedure  with  that  of  other  available  AI2OJ  specimens.  Tables  8-II  and 
8=- III  give' results  of  spectrographic  analyses  by  Harbison- Walker  Com 
pany  and  Jarrell-Ash  Company,  respectively. 


'1 
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COMPARATIVE  SPECTROGRAPHIC  ANALYSIS  MADE  AT  THE  UNIVERSITY  OF  UTAH 
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Table  8 -II 


HARBISON-WALKER  SPECTROGRAPHIC  ANALYSIS  OF  THE  HIGB-PURITY 


AI2O3 


Impurity 

Impurity  Content,  ppm 

Sample  1  , 

(unfired) 

Sample  1 
(  fired  ) 

Sample  2 
(uniired) 

Si 

1.3 

2,  1 

1 

Fe 

0.  1  to  1 

1 

0.  5 

Mg 

0.  1  to  1 

1.6 

0.3 

Table  8 -III 

JARREL-ASH  SPECTROGRAPHIC  ANALYSIS  OF  THE  HIGH- PURITY 

Al^Oj  and  MgO 


Impurity 

Impurity  Content,  percent 

MgO 

Na 

0.  003 

0.  003 

Mg 

0.  005 

A1 

0.006 

Si 

0.  001 

0.006 

Ca 

nil 

<  0.001 

Ti 

<0.002 

nil 

Cr 

<0.  005 

nil 

Fe 

0.  003 

0.003 
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Table  8-IV 


GREEN  AND  FIRED  DENSITIES  OF  Al^  PREPARED  BY  THERMAL 

DECOMPOSITION  OF  VARIOUS  ALUMINUM  SALTS 


Condition 

AljjO^  Density  (g/cc)’*' 

Calcine  Temp, 
oc 

Green 

Fired  1  hr. 
fm5°C) 

1  AiClr 

_ 

> 

6 

X 

AKNC^lj 

1150 

i  l/ 

■El 

IQQII 

1.79 

1.  47 

■ 

■Bl 

:  3.59 

mm 

2  .  56 

1200 

v/ 

:  1.68 

;  1.  84 

1.72 

1. 50 

3.67 

'  3.78 

2.33 

2.  58 

1300 

\/ 

1.75 

1.84 

---- 

y 

3.72 

3.77 

— 

1400 

v/ 

1.87 

1.68 

1. 99 

1.61 

sy 

3.  59 

3.  37 

2.  24 

2.94 

*  Theoretical  deneity  of  Al^Oj  is  ca.  4.00  g/cc. 


Table  8-V 

GREEN  DENSITY  OF  Al^Oj  PREPARED  BY  CALCINATION  OF  ALUM¬ 
INUM  CHLORIDE  AT  1250°C  AS  A  FUNCTION  OF  CALCINING  TIME 


Calcination  Time,  hr 

Green  Density,  (g/cc) 

3 

1.68 

18 

1. 54 

24+ 

1.  84* 

24+ 

1.77** 

e 

Reagent  grade  aluminum  chloride. 


**Aluminum  chloride  prepared  from  metallic  aluminum  at  this  laboratory. 
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Table  8- VI 

PERCENTAGE  OF  THEORETICAL  DENSITY  AS  A  FUHCTION  OF  FIKING 

TEMPERATURE  AND  TIME 


Furnace  Temperature,.  °C 

Percentage  of  Theoretical  Density 

Gas  Furnace 

Vacuum 

Furnace 

Firing 

Time, 

hr 

AICI3  •  bHoO, 
Calcined  3  nr 
at  1250°C 

Al(NHJ(SO.) 
Calcined  3  nr 
at  1250OC 

■■ 

•i  .  .  . 

1 

91.5 

95.0 

---- 

1 

94,0 

94.2 

---- 

1 

92.  5 

91.8 

1750 

2 

95.2 

96.2 

Table  8- VII 

RESULTS  OF  SINTERING  MgO  DERIVED  FROM  MgCI^’  6H^O 


Sample 

Calcination 

Temp.,(°C) 

Sintering 
Temp.  (*D) 

Sintered  Bulk 
Density  (g/cc) 

Percent  of  Theoretical 
Density 

Al 

m/mm 

|||||nR9H||| 

22.  4 

37.  8 

c 

900 

1500 

69.4 

1100 

2.40 

67.  2 

■^2 

WEM 

0.  50 

14.0 

■■ 

1600 

1.  34 

37.  5 

^2 

900 

2.  52 

70.  6 

1100 

2.  28 

63.  8 

■^3 

msM 

0.94 

26.3 

■■ 

1700 

1.  15 

32.  2 

C3 

900 

2.  57 

72.0 

°3 

1100 

2.  50 

70.0 
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3.  PREPARATION  OF  HIGH- PURITY  MgO 


Considerable  difficulty  was  encountered  in  the  development  of 
a  auitable  procedure  for  the  preparation  of  sinterable,  high-purity 
MgO  powder.  It  wae  expected  that  high-purity  MgCl  could  be  ob¬ 
tained  readily  from  the  reaction  of  reagent  grade  hydrochloric  acid 
with  a  commercially  sublimed  magnesium  metal  (estimated  purity 
99.  99  percent).  Therefore,  preliminary  sintering  studies  were  con 
ducted  of  reagent  grade  magnesium  chloride,  It  was  hoped  that 
MgCl2  ’  ^K^O  could  be  decomposed  directly  to  a  einterable  MgO. 
This  possible  procedure  was  investigated  with  different  calcines 
of  the  chloride,  but  the  results  were  disappointing,  as  shown  in  T 
Table  8-VIl,  On  the  other  hand,  MgO  derived  from  Mg(OH)2  ex¬ 
hibited  excellent  s interability.  Magnesium  oxide  derived  from  the 
hydroxide  was  found  to  have  the  following  properties: 


Pressed  Bulk  Density .  2.3  g/cc 

Fired  Bulk  Density.  . .  3. 47  g/cc 

Fired  Linear  Shrinkage .  14  percent 


Fired  Volume  Shrinkage .  35.  5  percent 

Early  results  of  hydrating  MgO  obtained  from  a  low  tempera» 
ture  (500°C)  calcine  of  MgCl2  *  6H2O  were  encouraging.  However, 
further  work  in  that  direction  indicated  that  at  calcining  temperatures 
less  than  ca.  900°  to  950°C,  the  hydrated  chloride  is  not  easily  de¬ 
composed.  Compounds  such  as  MgCl2  and  Mg(OH)Cl  are  found  mixed 
with  the  MgO  product  (Table  8- VIII). 

The  final  procedure  established  for  preparation  of  high-purity 
MgO  circumvents  these  problems.  Reagent-grade  ammonium  hy¬ 
droxide  is  added  to  the  chloride  solution  that  results  from  the  disso¬ 
lution  of  the  sublimed  magnesium  metal  in  reagent  grade  hydrochlo¬ 
ric  acid.  This  precipitates  the  hydroxide  and  leaves  ammonium 
chloride  in  solution.  The  magnesium  hydroxide  is  separated  from 
the  solution  by  filtration,  washed  with  a  dilute  solution  of  ammonium 
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hydroxide  in  distilled  water,  and  then  dried  in  an  oven.  The  dry 
powder  is  then  calcined  in  an  electric  kiln  at  ca.  1050^0  for  5 hours. 
Sintered  AI2OJ  crucibles  were  used  to  contain  the  powder^  Table 
8-1  gives  a  comparative  spectroscopic  analysis  of  the  MgO  thus  pro¬ 
duced.  In  Table  8-DC,  the  effect  of  magnesium  hydroxide  calcine 
temperature  on  the  sintering  characteristics  of  the  resulting  MgO 
is  given. 


Table  8- IX 

EFFECT  OF  Mg(OH)j  CALCINING  TEMPERATURE 
ON  THE  SINTERING  CHARACTERISTICS  OF  MgO 


(Sintering  time,  1  hr) 


Mg(OH)^ 

Calcining 

Temperature 

(°C) 

Time  at 
Calcining 
Temperature 
(hr) 

Percent  Theo¬ 
retical  of 
Pressed 

Discs 

Sintering 
Temp. , 
(®C) 

Percent 
Theoretical 
Density  of 
Sintered 
Discs 

900 

3 

■MHjHIII 

1600 

800 

3 

1600 

Hh 

700 

3 

65.9 

1600 

85.5 

3 

60.4 

1700 

95.3 

900 

3 

67.9 

1700 

96.4 

900 

1.5 

66.5 

1700 

95.0 

850 

3 

63.7 

1700 

95.3 

800 

3 

67.9 

1700 

95.0 

4.  SPECIMEN  PREPARATION 

A.  Pressing,  Sintering  and  Cutting  Operations 

In  the  preparation  of  test  prisms  for  modulus  of  rupture  measure¬ 
ments,  the  high-purity  powders  are  first  cold-pressed  into  discs  at  a 
pressure  of  20  tons/sq  in.  These  discs  are  2-9/l6-in.  diameter,  and 
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ca.  3/16-in.  thick.  Distilled  water  is  used  an  binder,  <2  percent  for 
AI2OJ  and  5  percent  for  MgO.  Disc-shaped  filter  paper  is  used 
against  the  die  faces  to  avoid  contamination  of  the  material.  Imme¬ 
diately  after  pressing,  the  discs  are  placed  under  vacuum  in  a  desic¬ 
cator  and  left  for  anywhere  from  3  to  5  hours.  This  step  was  found 
necessary  to  prevent  radial  cracking  of  the  discs  during  drying. 

The  dried  discs  are  next  fired  in  a  gas -air  kiln.  Aluminum 
Oxide  discs  are  fired  at  17350C  (.+20°C)  for  8  hours.  For  MgO  discs 
a  2-hour  firing  at  temperatures  from  1650°  to  1740°C  is  used.  Fig¬ 
ure  8-2  gives  temperature -time  curves  for  the  sintering  of  the  MgO 
discs. 

Once  the  discs  are  sintered,  they  are  cut  into  test  prisms  with 
a  diamond  saw,  following  the  layout  presented  in  Fig.  8-1. 


B.  Doping  Procedures 

a.  Pre-sintered  doping  of  AI2O2 

Generally,  the  impurity  is  added  as  the  nitrate.  A  weighed 
quantity  of  the  nitrate  is  dissolved  in  distilled  water.  This  solution 
is  mixed  with  the  high-purity  AI2O2  powder  to  produce  a  weight 
ratio  of  moisture  to  dry  powder  of  0.  25.  The  mixture  is  then 
heated  at  700  to  800*^C  for  1  hour  to  decompose  the  nitrate. 

The  procedure  for  addition  of  the  titanium  impurity  is  different 
in  that  the  titanium  oxide  is  added  directly  as  a  powder. 

All  powder  mixtures  are  ball-milled  overnight  in  plastic  bottles 
using  Lucite  balls.  The  well-mixed  powders  may  then  be  pressed 
into  discs  as  previously  described. 

b.  Pre-sintered  doping  of  MgO 

The  procedure  for  doping  MgO  with  impurities  prior  to  sintering 
is  essentially  the  same  as  that  used  for  AI2O2.  One  important 
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Fig.  8«1  PREPARAliON  OF  TEST  PRISMS 


“  340  . 


Fig.  8-2  FIRING  SCHEDULE  FOR  MgO  SPECIMENS  DOPED  WITH 
IMPURITY  PRIOR  TO  SINTERING 


exception  is  that  the  nitrates  are  dissolved  in  ethyl  alchohol  rather 
than  distilled  water.  Also,  SiO^  as  well  as  TiO^  is  added  directly 
as  the  powdered  oxide. 

c.  Post-sintered  doping  procedures 

To  diffuse  inrtpurities  into  a  sintered  test  prism,  the  prism  to 
be  doped  is  rolled  firmly  in  a  moist  (ca.  10  percent  H2O)  powdered 
mixture  of  the  impurity  and  the  base  oxide  (Al^O^  for  Al^^O^  speci¬ 
mens,  MgO  for  MgO  specimens).  The  mixture  contains  5-10  percent 
by  weight  of  the  impurity.  The  doping  mixture  forms  a  jacket  around 
the  specimen  about  l/4-in.  thick.  Specimens  thus  encased  are  fired 
in  a  gas-air  furnace  at  1650°C.  Firing  times  from  3  to  12  hours  have 
been  used.  The  sintered  jacket  in  removed  from  the  doped  specimen 
by  grinding.  Great  care  must  be  exercised  in  the  grinding  operation 
to  avoid  breakage  of  the  test  piece. 


5.  EXPERIMENTAL  WORK 

Measurements  made  of  pure  sintered  AI2O2  and  MgO  pieces 
and  specimens  doped  with  impurities  before  sintering  include  (i) 
density,  (2)  modulus  of  rupture  at  room  temperature  and  500°C, 

(3)  microhardness,  and  (4)  grain  sise.  Time  did  not  allow  these 
measurements  to  be  made  on  specimens  doped  after  sintering. 

Density  measurements  were  made  by  means  of  a  densitometer 
that  weighs  the  sample  in  mercury  to  determine  the  volume.  Rb- 
sults  are  tabulated  in  Table  8-X  for  the  specimens  of  Al20^  and  in 
Table  8-XI  for  those  of  MgO.  Table  8-XII  shows  the  uniformity  in 
density  of  prisms  cut  from  typical  high- purity  ^120^  discs.  Note 
the  uniformity  of  the  ten  prisms  cut  from  one  disc  (mean  deviation, 
0.  32  percent).  Note  also  the  specimens  cut  from  a  second  and 
third  disc  have  essentially  the  same  densities  as  those  cut  from 
the  first. 
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Table  8-X 


AVERAGE  FIRED  DENSITIES  OF  AljjO^  SPECIMENS  DOPED 
WITH  IMPURITIES  BEFORE  SINTERING  “ 


Added  Impurity 

Amount  Added 

Doneity, 

%  Theoretical 

Impurity, 

ppm 

^  /cm^ 

Density 

None 

d 

3.  74 

93.  4 

10 

3.  74 

93.4 

Fe,0, 

10^ 

3.  73 

93.  0 

2  3 

10^ 

3.  77 

94.  2 

10'^ 

o 

<30 

95.  0 

10 

3.  68 

92.  0 

10^ 

3.  67 

91.7 

TiO^ 

103 

3.  72 

92.9 

lO'^ 

3.78 

94.  5 

10 

3.  68 

92.  0 

O  O 

3.68 

3.  70 

92.  0 

92.  5 

10“* 

3.  68 

92.  0 

10 

3.  76 

Na,0 

102 

3.  76 

d 

10^ 

3  *  80 

104 

3.  78 

10 

3.  81 

95.  2 

MgO 

102 

3.  83 

95.6 

lo-’ 

3.  82 

95.  5 

10^ 

3.  81 

95.  2 
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Table  8- XI 


AVERAGE  FIRED  DENSITIES  OF  MgO  SPECIMENS  DOPED 


WITH  IMPURITIES  BEFORE  SINTERING 


dded  Impurity 


Amount  Added 
Impurity,  ppm 


Density  g  /cm" 


%  Theoretical 
Density 


ARF  8203-16 
Final  Report 


Table  8 -XU 


FIRED  DENSITIES  OF  TEST  PRISMS  CUT  FROM  TYPICAL 

^^03_D1SCS 


Specimen,  (disc-prism) 

Fired  Density,  (g/cm^) 

1-1 

3.75 

1-2 

3.76 

1-3 

3.76 

1-4 

3.  78 

1-5 

3.77 

1-6 

3.77 

1-7 

3.78 

1-8 

3.74 

1-9 

3.78 

1-10 

3.79 

2-1 

3.76 

2-3 

3.76 

2-5 

3.77 

2-7 

3.78 

2-9 

3.78 

3-3 

3.79 

3-5 

3.80 

3-7 

3.80 

Modulus  oi  rupture  was  determined  by  bending  specimens  in 
four  point  loading.  A  model  TTC  Instron  tensile  testing  machine 
was  used.  For  tests  at  elevated  temperatures,  a  furnace  was  de¬ 
signed  and  constructed  to  be  mounted  in  the  Instron  machine.  Fig¬ 
ure  8-3  is  a  schematic  diagram  of  the  furnace.  Kanthal  A-1  resis¬ 
tance  elements  are  spaced  over  the  length  of  the  heating  none  to  give 
uniform  heating.  The  bottom  load  bearing  support  pivots  in  both 
directions.  The  arrangement  compensates  for  any  warpage  of  the 
test  bars.  Sapphire  rods  are  used  at  the  contact  points.  The  fur¬ 
nace  construction  is  such  that  a  series  of  specimens  can  be  loaded 
in  the  furnace  and  tested  at  a  given  temperature.  Test  bars  are 
pushed  into  the  hot  aone,  loaded  in  the  breaking  device,  broken,  and 
the  pieces  removed  to  the  opposite  end  of  the  furnace.  The  breaking 
load  and  the  deflection  are  automatically  recorded  with  the  testing 
machine. 
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Side  View  Crott  Section 


Fig.  ii 


3  DlTAQRAlii  or  FURNACE 
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Meanurement*  of  modulus  of  rupture  were  made  at  25  and 
500®C.  The  test  priama  were  lapped  smooth  before  they  were 
tested,  Results  for  Al^^j  specimens  are  summariiied  in  Table 
XIII  and  Fig.  8-4  to  8-7.  The  data  for  MgO  specimens  are  given 
in  Table  8-XIV  and  Fig.  8-8  to  8-12. 

Hardness  measurements  with  diamond  indenter  showed  no 
variation  in  the  case  of  several  series  of  doped  Al20^  specimens. 
As  a  result,  hardness  measurements  were  discontinued.  It  is 
planned  to  make  similar  measurements  on  the  MgO  samples  at 
the  first  opportunity. 

A  microscope  was  used  to  measure  grain  sine  as  a  function 
of  Impurity  content.  These  data  are  presented  in  Tables  8-XV 
for  Al20^  and  8-XVl  for  MgO.  On  another  related  project, 
some  of  the  high-purity  <8120^  made  in  connection  with  this  re¬ 
search  was  doped  with  various  amounts  of  Na20  Impurity  (added 
as  ^  -Al20j)  ranging  from  0  to  1000  ppm.  Figures  8-17  to 
8-20  are  photomicrographs  of  the  fired  Specimens.  Figure  8-17 
shows  the  specimen  with  no  added  Na20  impurity,  Fig.  8-18  that 
with  10  ppm,  Fig.  8-19  that  with  lOO  ppm,  and  Fig.  8-20  that  with 
iOOO  ppm.  The  surfaces  of  the  Specimens  were  flash  etched  at 
1850®C, 
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Fig.  8-5  strength:  OF  Al,0-  AS  A  FUNCTION  OF  Cr^Oj  IMPURITY 
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Fig. 
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Fig.  8-7  STRENGTH  OF  AL  O,  AS  A  FUNCTION  OF  MgO  IMPURITY 


10,  16.0  15.2-17.1  0.22  4  27.0  26.8-27.1 

10^  18.4  15.6-23.4  2.75  4  29.2  24.4-32.3 

10^  14.8  10.0-17.7  0.17  4  18.1  17. 5-18.5 
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Table  8- XV 


GRAIN  SIZE  OF  FIRED  Al^O,  AS  A  FUNCTION  OF  IMPURITY  CONTENT 


Amount  Added 
Impurity,  (ppm) 

Average  Grain  Size  (yu  ) 

None 

TiO^ 

NagO 

MgO 

0 

16.6 

nnn 

jHHIII 

mm 

10 

17.  5 

WBm 

10^ 

18.0 

mBM 

10^ 

20.  8 

16.3 

15.  1 

■si 

10^ 

H 

49-0 

16.6 

16.7 

13.  0 

Table  8-XVI 

GRAIN  SIZE  OF  MgO  AS  A  FUNCTION  OF  IMPURITY  CONTENT 


Amount  Added 

Average  Grain  Size  (/^  ) 

Impurity,  (ppm) 

None 

EEsn 

BBI 

- 1 

O 

tv> 

||||QQQgl||||B 

SiO^ 

0 

52.  3 

.... 

10 

i9.  i* 

21. 9 

16.  1 

59.7 

36.9 

102 

mu 

26.  0 

17.  4 

59.7 

46. 1 

10^ 

25.6 

20.  0 

30.  1 

38.2 

lO-' 

1 

Is! i** 

23.2 

44.  5 

1.63 

15.3 

Groups  A  and  C 


♦* 


Group  B 
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Fig.  8-13  MODULUS  OF  ^.UPTURE  VS,  (GRAIN  SIZE)  ^  FOR  PRESINTERSD  DOPED  A1,0 


Fig.  E-14  MODULUS  OF  RUPTURE  VS.  (GRAIN  SIZE)-Pi-  5  FOR  PRESINTERED  DOPED 
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Fig.  8-17  Photomicrograph  showing  flash-etched  surfaces 

of  pressed  and  sintered  high-purity  Al^O,  doped 
prior  to  pressing  with  0  ppm  sodium  oxide  as 
^-alumina.  (0.  60  in.  on  the  photomicrograph 
represents  100  microns  on  the  actual  surface.) 
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Fig.  8-18  Photomicrograph  showing  Hash-etched  surfaces 
of  pressed  and  sintered  high-purity  AUO,  doped 
prior  to  pressing  with  10  ppm  sodium  oxide  as 
/B  -  alumina.  (0.  60  in.  on  the  photomicrograph 
represents  100  microns  on  the  actual  surface.) 
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Fig.  8^19  Photomicrograph  showing  flash-etched  surfaces 

of  pressed  and  sintered  high-purity  Al-O,  doped 
prior  to  pressing  with  100  ppm  sodium  oxide  as 
.|l-alumina.  ,  (0.  60  in.  on  the  photomicrograph 
reprascnts  100  microns  on  the  actual  surface.) 
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Fig.  8-20  Photomicj?ogi?£iph  showing  flash -etched  surfaces 

of  pressed  and  sintered  high-purity  -^^2^3  doped 
prior  to  pressing  with  1000  ppm  sodium  oxide  as 
Jl-alumina.  (0,60in.  on  the  photomicrograph 
represents  100  microns  on  the  actual  surface.) 
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6.  DISCUSSION  OF  RESULTS 

The  results  have  not  as  yet  been  analyzed  by  statisticai'  methods 
and  it  is  impossible  at  this  state  in  the  investigation  tp point  out  a 
particular  dependence  of  strength  on  impurity  content  that  is  indepen¬ 
dent  of  variations  in  porosity  and  crystal  size.  The  data  indicate 
that  crystal  size  in  the  high  purity  AI2OJ  is  not  altered  markedly  by 
impurities  but  porosity  is  an  important  factor.  On  the  other  hand, 
porosity  did  not  change  much  in  the  magnesia  samples  and  the  cry¬ 
stal  size  appears  to  be  a  rather  important  variable. 

Powder  preparation  of  AI2O1J  resulted  in  sintered  Specimens 
with  large  laminar  pores.  These  originated  with  crystal  clusters 
that  were  only  partially  crushed  in  the  pressing  operation.  Pores 
in  the  MgO  samples  were  all  very  small  and  of  minor  volume  frac¬ 
tion.  Compared  to  values  reported  in  the  literature,  the  strength 
of  the  sintered  AI2OJ  is  low  probably  as  a  result  of  the  porosity. 

The  strength  of  the  sintered  MgO  compares  well  with  the  better 
values  quoted  in  the  literature, 

Of  particular  interest  is  the  absence  or  exaggerated  grain 
growth  in  the  sintered  Al20^  specimens.  Exaggerated  grain  growth 
occurs  readily  in  commercial  AI2OJ  and  was  observed  on  the  sur¬ 
faces  of  specimens  where  commercial  Al20^  has  been  used  as  a 
setting  sand  (parting  material).  Early  in  the  program  this  prac¬ 
tice  was  discarded  and  exaggerated  grain  growth  was  eliminated. 
Bubble  type,  normal  grain  growth  was  observed  in  all  samples  of 
sintered  alumina  and  magnesia  on  which  strength  data  is  reported 
here.  It  is  interesting  to  note  that  only  the  specimens  containing 
1  percent  Ti02  showed  a  marked  increase  in  grain  size  in  the  en¬ 
tire  sintered  alumina  series.  Wide  variation  of  grain  size  were 
noted  in  the  MgO  series. 

The  curves  representing  the  effect  of  impurities  on  the  strength 
of  sintered  MgO  are  somewhat  misleading.  Pure  samples  were 
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fired  with  each  aerie*  of  doped  apocimens  in  the  case  of  Al^O^ 
and  hence  difference  in  firing  condition*  were  normalised  by  com¬ 
parison  with  the  pure  specimens.  The  pure  specimens  were  inad¬ 
vertently  left  out  of  the  firing*  of  the  doped  MgQ  Specimens.  As  a 
result,  no  valid  comparison  can  be  made  between  the  pure  and 
doped  MgO  specimen*. 

The  effect  pt  temperature  on  the  strength  of  sintered  and 
doped  MgO  and  AI2OJ  is  not  complete.  Plans  have  been  laid  for 
strength  teats  at  1000^0  for  all  specimens.  It  is  not  readily  ap¬ 
parent  why  the  strength  at  500^C  should  be  higher  for  MgO  and 
lower  for  in  comparison  to  room  temperature  strengths. 

7.  CONCLUSIONS 

Research  carried  out  on  this  program  cau  be  arranged  into 
four  distinct  areas: 

a.  Preparation  of  suitable  high-purity  Al^O,  and  MgO 
powders; 

b.  Establishment  of  satisfactory  procedures  for  making 
pressed  and  sintered  specimens  for  bend  strength 
tests; 

c.  Development  of  techniques  for  doping  the  high-purity 
material  with  controlled  quantities  of  selected  im¬ 
purities  both  before  and  after  sintering,  and 

d.  Measurement  of  the  modulus  of  rupture  (at  room 
temperature  and  500°C),  density,  and  grain  sise 
in  both  doped  and  undoped  specimens. 

Work  in  the  first  area  resulted  in  materials  with  purities  substan¬ 
tially  superior  to  any  AI2O2  or  MgO  commercially  available  as 
shown  in  Tables  S-I  to  8- III.  Satisfactory  specimens  for  bend 
strength  tests  were  prepared  by  cold-pressing  and  sintering  the 
pure  or  doped  powders  into  discs,  then  cutting  the  discs  into  test 
prisms  of  the  desired  sise  and  shape. 
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In  the  pre- sintered  doping  phase  of  this  program,  impurities 
were  added  either  as  oxides  or  as  nitrates  which  were  substantially 
decomposed  to  oxides.  Amounts  of  impurities  added  prior  to  sinter¬ 
ing  ranged  from  0  to  10'^  Ppm.  Apparatus  for  determining  the  modulus 
of  rupture  of  test  prisms  at  temperatures  to  1100*^C  was  developed  on 
this  project  and  is  described  in  this  report.  Data  presented  for  the 
high-purity  AI2OJ  and  MgO  both  pure  and  doped  with  Impurity  before 
sintering  include:  modulus  of  rupture  at  25°  and  500°Ct  density, 
and  grain  size.  Although  satisfactory  methods  were  developed  for 
preparing  specimens  doped  with  impurities  after  siritering,  time  did 
not  permit  rneasurement  of  the  modulus  of  rupture  for  such  speci¬ 
mens. 
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TASK  9  -  STATIC  FATIGUE:  DELAYED  FRACTURE 


Principal  Investigator:  R.  J.  Charles 

General  Electric  Research  Laboratory 


ABSTRACT 


Experimental  work  conducted  on  this  program  has  definitely 
established  the  presence  of  static  fatigue  in  ALO.,  confirming  pre¬ 
vious  investigators'  findings.  The  reaction  probably  responsible 
for  fatiguing  action  is  the  hydration  of  A1~0,  by  water  vapor.  Delayed 
fracture  is  manifest  either  as  a  drop  in  strength  at  increased  loading 
durations;  or  as  an  increase  in  fracture  strength  at  increased  strain 
rates. 


The  fatigue  limit  of  sapphire  appears  to  be  Z5  percent  of  its 
control  strength  at  liquid  nitrogen  temperatures,  and  the  variability 
of  strength  values  is  conspiGuously  less  when  the  fatiguing  process 
is  permitted  to  operate  than  when  it  is  prevented.  Moreover,  static 
fatigue  appears  to  be  a  thermally  activated  process,  unaffected  by  in¬ 
trinsic  material  parameters  such  as  grain  size.  The  delayed  fracture 
process  in  polycrystalline  Lucalox  appears  to  be  similar  in  nature  to 
that  observed  in  sapphire,  with  fatiguing  action  persisting  up  to  tem¬ 
peratures  approaching  lOOO^C. 

A  theory  of  static  fatigue  has  been  formulated,  and  initial  cal¬ 
culations  were  made  for  the  surface  energy  value  of  intact  sapphire 
and  its  hydration  reaction  product. 
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TASK  9  -  STATIC  FATIGUE:  DELAYED  FRACTURE 


1,  INTRODUCTION 

Task  9  consists  of  a  study  of  the  corrosion  processes  which 
affect  the  long-term  strength  of  single -cifystal  and  polycrystallinc 
aggregates  of  AI2O2  and  MgO.  The  principal  objective  of  this  re¬ 
search  program  was  to  obtain  information  on  the  identity  of  the  cor¬ 
rosion  reactions,  their  mechanisms,  and  their  total  effect  upon  the 
rupture  strength  of  these  ceramics. 

The  most  noticeable  effect  of  delayed  fracture,  or  "static 
fatigue",  is  the  sharp  dependence  of  observed  strength  upon  the 
atmosphere  present  during  the  performance  of  the  tost,  Another 
related  affect  is  the  decrease  in  resistance  to  failure  with  decrease 
in  the  rate  of  loading  in  certain  atmospheres,  i.e.  the  observed 
strength  drops  as  the  time  of  load  application  is  extended.  At  Kero 
rate  of  loading  (dead-weight  loading),  the  observed  strength  should 
be  at  a  minimum,  and  times -to-failure  under  a  given  set  of  external 
conditions  may  be  measured, 

Much  work  along  these  lines  has  been  clone  on  Inorganic  glasses, 
Oxide  glasses  are  nearly  ideal  materials  for  study  of  this  nature  be¬ 
cause  of  their  homogeneity,  Isotropy,  and  brittleness,  Delayed  frac- 
ture  has  been  found  to  depend  heavily  on  strain  rate,  temperature, 
pressure,  atmosphere,  surface  conditioh,  composition,  and  prior 
thermal  history. 

Very  little  work  has  been  done,  however,  on  crystalline  oxides. 
Among  the  first  references  to  the  delayed  fracture  effect  in  crystal¬ 
line  oxides  was  that  of  Roberts  and  Watt,  who  noted  in  1949  that 
sintered  alumina  test  specimens  failed  at  5  minutes  and  120  minutes 
after  loading  in  tension.  Wachtman  and  Maxwell,  working  in 
air  with  single -crystal  sapphire,  found  a  definite  delayed  fracture 
effect  in  most  of  the  dozen  samples  tested  at  room  temperature. 


-  371  - 


Williams ,  ^  working  with  a  low  density  (3.  84  g/cc)  sintered 

alumina  body,  found  times -to -failure  in  air  as  long  as  10  seconds, 
depending  on  the  stress  level  applied;  however,  the  material  appeared 
to  be  comparatively  insensitive  to  cyclic  fatigue  at  moderate  frequen¬ 
cies  of  loading.  Pearson,  also  working  with  rather  low-density 
sintered  alumina,  found  that  delayed  fracture  effects  in  ordinary  at¬ 
mospheric  conditions  could  be  largely  eliminated  by  heating  to  about 

o  “*  5 

350  C,  cooling,  and  testing,  all  under  a  vacuum  of  less  than  10  mm 

Hg.  From  this  it  was  concluded  that  the  effect  was  caused  by  an  un¬ 
specified  atmospheric  attack  acting  on  Griffith  flaws  in  the  stressed 
material. 

All  of  the  above  investigations  were  done  at  room  temperature, 

At  other  temperatures,  Brenner^^'^^  statically  loaded  sapphire  whisk¬ 
ers  at  llOO^C  and  1450^  in  dry  and  found  no  evidence  of  delayed 
fracture;  these  results  were  inconclusive,  however,  since  the  load 
was  only  one -third  to  two-thirds  of  the  dynamic  failure  stresses,  and 
load  application  periods  were  relatively  short,  not  exceeding  sixteen 
hours.  However,  later  work  in  both  hydrogen  and  oxygen  atmospheres 
demonstrated  fatigue  in  whiskers,  with  the  time  to  fracture  being  expo¬ 
nentially  related  to  the  applied  stress.  Charles^^'^^  has  reported  pre¬ 
liminary  work  on  oxides  including  fused  silica,  granite,  albite,  spodu- 
mene,  hornblende,  sapphire,  quartas,  and  magnesium  oxide.  This 
work  included  both  crossbend  tests  on  sapphire  and  compression  tests 
on  the  other  oxides,  conducted  in  atmospheres  of  nitrogen-water  com¬ 
binations  over’a  temperature  range  of  -200°C  to  240°C.  It  was  shown 
that  minimum  strength  values  were  obtained  with  a  simultaneous  appli¬ 
cation  of  stress  and  corrosive  atmosphere.  Atmospheres  alone  had 
little  weakening  effect  on  stress-free  material,  even  MgO.  Of  great 
interest  was  the  appearance  of  a  definite  strain-rate  dependency  of  the 
failure  stress. 

It  is  clear  from  this  brief  review  of  the  subject,  that  both  poly¬ 
crystalline  and  single  crystal  alumina  exhibit  a  static  fatigue  in  normal 


atmospheres.  It  is  not  clear,  however,  whether  MgO,  either  in 
single  or  polycrystallinc  form,  exhibits  behavior  which  may  be 
characterized  correctly  as  static  fatigue.  It  seems^^  th.at  MgO 
hydrates  readily  and  that  hydration  with  simultaneous  plastic  defor¬ 
mation  can  lead  to  low  rupture  strengths,  It  has  been,  however,  the 
experience  of  these  authors,  and  other,  that  standard  dead  load 
tests  on  single  crystal  MgO  specimens  under  ordinary  conditions 
does  not  give  evidence  of  static  fatigue. 

In  view  of  these  considerations,  it  was  decided  that  the  major 
effort  of  Task  9  should  be  directed  towards  a  study  of  fatigue  in 
alumina  ceramics. 


2.  EXPERIMENTAL  APPROACH 

To  determine  whether  or  not  a  delayed  fracture  effect  exists 
in  a  given  material,  it  is  generally  useful  to  obtain  "base  level"  or 
control  data,  gathered  in  the  absence  of  fatigue,  against  which  com¬ 
parisons  of  failure  strengths  under  environments  conducive  of  static 
fatigxie  conditions  may  be  made.  The  possibilities  which  exist  for 
gathering  base  level  data  include  the  following; 

a.  Conducting  experiments  at  low  temperatures  to 
inhibit  the  temperature -dependent  kinetic  factors 
which  govern  reaction  rates. 

b.  Maintaining  atmospheric  conditions  such  that  an 
atmospheric  reaction  cannot  occur,  i.  e.,  vacuum 
inert  atmospheres. 

For  a  given  group  of  specimens,  with  equivalent  severity  of 
surface  notches  or  micro-cracks,  destructive  tests  may  be  made  un¬ 
der  various  conditions  of  load,  time,  and  environment  and  the  failure 
strength  values  compared  against  a  maximum  strength  obtained  under 
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either  of  the  above  two  control  conditions.  In  this  manner  the  sever¬ 
ity  of  fatigue  may  be  estimated. 

A-  Dynamic  and  Static  Testing 

Obviously,  if  fatigue  does  not  occur,  the  strength  of  a  sample 
will  be  a  function  only  of  the  applied  stress  level,  but  will  be  inde¬ 
pendent  of  the  duration  of  loading,  Conversely,  if  fatigue  occurs, 
the  failure  strength  or  observed  strength  will  be  a  complex  function 
of  the  time  of  load  application  and  the  load  changes,  if  any,  during 
testing.  Thus,  in  principle  fatigue  data  can  be  obtained  from  tests 
at  constant  load  or  constant  strain  rate,  Both  techniques  were 

used  in  the  experimental  work  described  here. 

B.  Atmospheres  and  Temperatures 

It  is  apparent  that  water  vapor  is  one  of  the  most  influential 
atmospheres  which  cause  fatigue  in  oxides.  The  raction  is  gener¬ 
ally  the  formation  of  a  hydrate.  In  the  case  of  A,l202,  the  specific 
hydrate  formed  is  a  function  of  temperature  and  pressure,  with  water 
or  (OH')  groups  being  lost  as  temperature  increases. 

Thus,  if  the  hydration  reaction  is  important  in  fatigue  of  alum¬ 
ina,  one  would  expect  to  emphasise  the  delayed  failure  effects  by  con¬ 
ducting  tests  at  moderate  or  low  temperatures  wherein  mono-  or 
multilayer  absorptions  of  water  vapor  are  readily  obtainable,  (i.e., 
the  vapor  pressure  of  water  should  be  at  least  0,4  times  the  satura¬ 
tion  water  vapor  pressure  for  the  temperature  considered.)  Those 
considerations  led  to  a  selection  of  an  experimental  temperature  range 
from  about  -50°C  to  about  200*^C  for  the  detailed  study  of  fatigue  ef¬ 
fects  due  to  hydratitS'rT.' 

It  is  conceivable  that  mechanisms  dependent  on  the  reduction  of 
AI2O2  to  sub -oxides  by  hydrogen  could  result  in  static  fatigue.  Such 
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a  reduction  reaction  is  known  to  result  in  the  formation  of  alumina 
whiskers  at  high  temperatures,  and  it  is  possible  that  similar  mass 
transport  processes  may  change  micro  crack  geometries  such  that 
a  stressed  epocirnen  may  experience  a  time  dependent  failure.  For 
these  reasons  it  was  considered  necessary  to  perform  further  ex¬ 
periments  with  AI2O2  at  temperatures  in  excess  of  800°C  in  hydrogen 
atmospheres  to  determine  whether  or  not  a  reduction  reaction  could 
lead  to  fatigue. 


3.  MATERIALS 

The  specimens  used  in  this  investigation  were  both  single - 
crystal  and  polycrystalline  AI2O2. 

A.  Sapphire 

AI2O3  single  crystals  were  obtained  from  the  Linde  Company, 
and  consisted  of  random  lengths  of  ground  rod  from  which  specimens 
of  appropriate  size  were  prepared.  Diameter  of  these  specimens 
was  0.070  +  .0003  inches.  To  insure  that  proper  correlations  be¬ 
tween  these  specimens  and  the  0.  125  inches  specimens  used  through¬ 
out  the  other  Tasks  could  be  made,  a  number  of  these  larger  speci¬ 
mens  were  obtained  and  their  bend  strength  values  were  compared 
with  the  .070  inch  material.  Correlations  were  exact  within  a  few 
percent. 

The  use  of  sapphire  presents  certain  special  problems.  The 
material  itself  is  made  by  the  Vernsuil  process,  and  is  rarely  com¬ 
pletely  free  of  the  spherical  air  bubbles  which  arc  trapped  during 
the  process.  Careful  selection  of  specimens  must  be  made  to  exclude 
such  faulted  material.  Internal  strains  arc  to  bo  expected  due  to 
the  discontinuous  manner  in  which  material  is  added  to  the  growing 
boule.  Annealing  after  manufacture  (details  unavailable)  is  done  to 
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help  leseen  the  effect  of  these  strains.  And  finally,  the  individual¬ 
istic  nature  of  each  rod  must  be  taken  into  account,  for  each  rod 
experiences  somewhat  different  conditions  during  its  growth,  such 
as  temperature  fluctuations  and  different  seed  stock.  Because  of 
these  inherent  sources  of  non-uniformity,  it  was  decided  to  use 
numerous  individual  rods  in  each  test  and  report  the  averages  of 
results  obtained,  rather  than  try  to  compare  the  properties  of  indi¬ 
vidual  rods  under  a  given  range  of  conditions. 

Sapphire  presents  further  problems  because  of  its  anisotropy. 
In  bending,  the  effect  of  specimen  orientation  with  respect  to  the 
optic  axis  is  especially  important;  it  has  been  reported  that 

loading  parallel  to  the  optic  axis  results  in  observed  strengths 
nearly  three  times  as  high  as  loading  perpendicular  to  the  axis. 

It  was  decided  to  use  one  standard  orientation  throughout  testing, 
with  the  load  applied  normal  to  the  intersection  of  the  neutral  sur¬ 
face  with  the  basal  plane,  which  intersection  was  in  turn  perpendi¬ 
cular  to  the  specimen  rod  axis  This  position  corresponds  to 

a  maximum  extinction  position  in  polarised  light  when  the  rod  axis 
is  parallel  to  the  vibration  plane  of  one  of  the  crossed  polarising 
prisms. 

Boules  grown  by  the  Verneuil  process  as  a  rule  do  not  have 
their  optic  axis  parallel  to  the  boule  axis;  similarly,  the  rods  made 
from  them  have  their  optic  axes  tilted  at  some  angle  from  the  rod 
sxis.  The  effect  of  the  growth  angle  on  mechanical  properties  is 
quite  large,  as  seen  by  modulus  of  rupture  values  reported  by  Linde 
(Table  9-1;  test  conditions  unknown).  The  angle  is  usually  measured 
at  4,  the  angle  between  the  optic  axis  (normal  to  the  basal  plane 
0001)  and  the  longitudinal  rod  axis.  The  preferred  growth  direction 
is  near  60°  according  to  the  manufacturer.  In  order  to  check  the 
orientations  of  samples  received,  a  device  was  constructed  to  mea¬ 
sure  the  values  of  4  for  the  samples  by  optical  principle*;.  Some 
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apecim«nH  were  al«o  oriented  by  X"ray  techniques,  partly  as  a 
check  on  the  optical  method.  Figure  9-2  demonstrates  the  angu¬ 
lar  distribution  of  ^  for  some  200  samples  checked  to  date.  This 

<9-1  9-101 

distribution  is  similar  to  that  of  Wachtman  and  Maxwell'^  ’  ^  ' 

whose  "'jC"  is  the  complement  of  Only  these  samples  falling  in 
a  narrow  laone  around  60®  were  used  in  this  investigation.  It  is  of 
interest  that  some  10  percent  of  the  off-the-shelf  samples  received 
from  the  manufacturer  were  rejected  in  this  manner;  this  percen¬ 
tage  of  non-standard  specimens  could  seriously  affect  the  results 
of  almost  any  testing  program. 

Table  9  “I 

MANUFACTURER'S  ROOM-TEMPERATURE 
STRENGTH  DATA  FOR  SAPPHIRE 


deg 

Modulus  of  Rupture 

3^0 

100,000 

45 

78,000 

60 

65,  000 

75 

94,000 

All  specimens  were  cleaned  before  testing  to  remove  oil  from 
the  skin,  dust,  immersion  oils,  and  other  contaminants.  The  clean¬ 
ing  process  consisted  of  a  series  of  baths  of  toluene  and  acetone, 
interspersed  and  concluded  with  distilled  water  rinses,  Specimens 
were  dried  and  stored  in  cardboard  until  ready  for  use. 
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B.  PolycryBtalllne  Al^O^ 

Lucalox  was  uaad  throughout  tho  investigation.  The  type  of 
testing  done  by  this  Task  required  a  different  specimen  size  and 
shape  from  the  dog  bone  type.  Therefore,  polycrystalline  sarnples 
were  extruded  to  order,  prefired,  and  finally  sintered  to  the  re¬ 
quisite  degree  of  density  and  strength.  In  order  to  insure  that  the 
rod  specimens  used  had  the  same  surface  grain  sise  and  strength 
characteristics -as  the  specimens  used  in  the  other  investigations, 
some  preliminary  work  was  done  on  the  relationship  between  the 
density,  grain  size,  and  observed  four-point  bend  strength  of  the 
material.  Figure  9-3  shows  the  results  of  this  preliminary  work; 

each  point  represents  twenty  to  thirty  individual  tests,  performed 

-2  - 1 

at  a  constant  strain  rate  of  1.  4  x  10  min  ,  in  air  at  room  tem¬ 
perature.  Density  was  measured  by  standard  displacement  methods, 

Figure  9-3  shows  that  essentially  full  density  is  achieved 
above  30  micron  grain  size.  The  lower-density  material  may  be 
likened  to  high-purity  commercial  AI2O31  with  the  reservation 
that  the  grain  size  is  more  uniform  in  the  Lucalox  Material  used 
throughout  the  major  portion  of  the  work  ranged  30-40  microns  in 
grain  size,  with  a  corresponding  strength  of  about  45,000  psi  under 
the  cited  conditions.  The  microstructure  (of  the  standard  Lucalox) 
is  presented  in  Fig.  9-4. 

All  polycry stalline  material  was  tested  in  the  as -fired  condi¬ 
tion.  No  particular  preparation  of  the  surface  was  made,  other 
than  the  pretest  cleaning  by  consecutive  washes  in  toluene,  distilled 
water,  acetone,  and  distilled  water,  as  before. 


4.  EXPERIMENTAL  METHODS 

The  equipment  and  fixtures  used  in  this  investigation  were  de¬ 
signed  to  test  the  material  in  two  ways,*  dynamic  bending  and  static 
bending. 
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Fig.  9 


SURFACE  GRAIN  SIZE  -  /i 


3  EFFECT  OF  GRAIN  SIZE  ON  STBE  NOTH 
AND  POROSITY  OF  LUCALOX 
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A*  Dynamic  Bending 

Dynamic  bending  consiafced  o£  four-point  bending  with  a  con- 
Btant  (Jtrain  rate  applied  to  the  gage  section  of  the  specimen. 
Four-point  bending  was  selected  because  of  the  constant  moment 
it  exerts  across  the  inner  span.  Because  of  the  brittle  nature  of 
the  specimens,  and  their  small  deflections  prior  to  fracture, 
stresses  were  computed  from  the  simple  beam  formula  of  (T  «  Mc/I. 

An  Instron  testing  machine  was  equipped  to  allow  for  dynamic 
tests  at  temperatures  up  to  115C®G  in  various  neutral  or  reducing 
atmospheres.  This  consisted  of  a  molybdenum  bend  fixture  which 
could  be  used  in  air  or  encased  within  a  stainless  steel  jacket  f6r 
other  atmospheres.  A  triple-wound  Kanthal  furnace  surrounding 
the  jacket  provided  heat  for  higher  temperatures,  and  a  Styrofoam 
case  surrounding  the  jacket  permitted  low  temperature  tests  using 
liquid  vi-i<  (‘ogen.  Temperature  in  all  cases  was  controlled  by  throe 
chroinel-alumel  thermocouples  within  the  bend  fixture  itself,  and 
could  be  held  to  within  +  10°C  of  the  nominal  valve  at  all  tempera¬ 
tures. 

In  view  of  the  large  number  of 'tests  required  for  the  program, 
it  was  decided  to  construct  a  fixture  to  permit  the  simultaneous 
testing  of  up  to  twenty  specimens  per  run.  Figure  9'*5  shows  the 
multiple -specimen  molybdenum  loading  fixture.  Specimens  are 
loaded  at  four  points  as  the  oy.ter  fixture  moves  past  the  inner  one. 
Loading  spans  are  l.ZO  x  0,70  inches,  respectively,  Although  sub¬ 
sequent  modifications  have  been  made,  I’ve  principle  of  the  apparatus 
remained  unaltered.  During  tests  involving  sapphire,  orientation 
was  achieved  by  winding  the  specimens  with  three  wraps  of  .010  ini 
nickel  wire,  and  allowing  the  weight  of  the  wire  to  keep  the  speci¬ 
men  oriented  correctly,  of  the  wire  n  specimen  strength 

appeared  to  be  negligible-  fracture  seldom  occurred  at  the  point 
of  wire  contact. 
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Fig.  9-5  MOLYBDENUM  HIGH  TEMPERATURE 
TEST  APPARATUS 


Fig.  9-6  LOW-TEMPERATURE  AUTOCLAVE 
TEST  APPARATUS 
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Vacuum  atmospheres  to  10  ^  mm  Hg  were  developed  by  means 
of  a  mechanical  fore -pump  and  an  oil  diffusion  pump,  and  were  mea¬ 
sured  by  a  standard  thermo-couple  gauge.  "Wet"  hydrogen  atmos¬ 
pheres  and  saturated  air  atmospheres  were  obtained  by  bubbling 
these  line  gases  through  several  water  bubblers  and  a  detraining 
flask.  Dry  hydrogen  atmospheres  were  produced  initially  by  using 
commercial  pure  tank  hydrogen.  In  later  experiments  dry  hydrogen 
was  procured  by  putting  line  hydrogen  through  oxygen,  liquid  nitro¬ 
gen,  and  dessicant  traps. 

B.  Static  Bending 

Static  bending  consisted  of  fotir -point  bending,  with  the  load 
being  applied  nearly  instantaneously  in  the  apparatus  shown  in 
Fig.  9-6.  The  heating  jacket  shown  on  the  autoclave  permitted  the 
use  of  saturated  steam  atmosphere^  up  to  200  psi.  Ten  specimens 
at  a  time  can  be  tested  in  this  fixture.  A  relay-contact  system  per¬ 
mits  teimes-to-failure  to  be  read  directly  from  the  series  of  clocks 
shown,  to  an  accuracy  of  +  5  seconds.  A  Styrofoam  jacket  permits 
testing  in  any  atmosphere  down  to  -150®C,  using  liquid  nitrogen. 

Weights  may , be  adjusted  tc  permit  any  desired  stress  level  to 
be  applied  to  the  specinnen.  Outer  and  inner  spans  are  3.  75  and  1. 0 
inches,  respectively. 


5.  FATIGUE  failure  THEORY 

Charles  and  Hillig^^”®^  have  presented  a  theory  of  fatigue  in 
which  a  material  with  the  properties  of  ah  elastic  continuum  is  con¬ 
sidered  to  react  chemically  with  its  environment  such  that  mechanical 
failure  may  be  attributed  to  the  alteration,  by  the  dissolution  or  cor¬ 
rosion  reaction,  of  the  geometries  of  pre-existing  flaws  or  cracks  on 
the  solid  surface.  The  important  point  in  this  theory  is  that  the  reac¬ 
tion  rate  is  dependent  not  only  on  local  chemical  conditions  but  also 


on  the  local  state  of  stress  of  the  material.  It  is  obvious,  there¬ 
fore,  that  the  geometries  of  surface  cracks  would  determine  local 
instantaneous  reaction  rates.  It  is  also  clear  that  certain  condi¬ 
tions  of  stress,  temperature  and  environmental  atmosphere  may  re¬ 
sult  in  a  continued  enhancement  of  the  stress  concentrating  ability 
of  a  given  crack  and  thus  lead  to  spontaneotis  crack  propagation. 
Failure  is  thus  dependent  on  time.  The  important  conclusions  of 
the  above  theory  are  illustrated  in  Fig.  9-7;  the  theoretical  para¬ 
meter’s  governing  fatigue  may  be  obtained  from  experimental  data 
plotted  to  represent  a  normalised  fatigue  curve.  These  parameters 
include  the  theoretical  strength  of  the  material,  d  .  ;  an  activation 
volume  referred  to  a  uniaxial  stress,  V  ;  the  surface  energy,  I  , 
between  the  unreacted  solid  and  its  reaction  products;  the  molar 
volume  of  the  material,  the  initial  length,  L,  of  a  critical  flaw; 

the  strength  of  the  specimen  in  the  absence  of  fatigue,  and  the 
limiting  fatigue  strength  of  the  material  in  its  environment,  S^. 

Althougb'thfe  above  theory  was  developed  for  an  isotropic 
material.it  is  intended,  in  the  present  work  on  alumina,  to  conduct 
fatigue  eiqperiments  to  determine  whether  or  not  a  typical  fatigue 
curve,  as  illustrated  in  Fig.  9~7  may  be  obtained.  If  such  proves 
to  be  fhe  case  then  the  parameters  listed  above  may  have  important 
meaning  regarding  the  kinetics  of  the  fatigue  process  in  alumina. 


6.  EXPERIMENTAL  RESULTS  FOR  SINGLE  CRYSTAL  ALUMINA 

A.  Base  Level  Strength  of  Sapphire 

Table  9-n  lists  the  liquid  nitrogen  and  room  temperature  bend 
strengths  of  sapphire  crystals  in  which  the  base  planes  exhibited 
two  different  orientations  to  the  specimen  axes. 


time  to  failure 
time  to  failure  at  S  = 


Table  9-II 


EFFECT  OF  BASAL  PLANE  ORIENTATION  AND  TEMPERATURE 
ON  OBSERVED  BEND  STRENGTH  OF  SAPPHIRE 


Orientation 

No. 

Tests 

Atmosphere 

HtiSSSESII 

Zero-degree 
.  070-in.  diam. 

10 

25 

Air 

102,000 

Zero-degree 
.  070-in.  diam. 

20 

-196 

Liq.  N2 

170,000 

60° 

.  070-in.  diam. 

25 

Air 

54, 600 

60° 

.  070 -in.  diam. 

B 

-196 

Liq.  N^ 

73,900 

60° 

.  125-in.  diam. 

B 

25 

Air 

59,800 

60° 

.  125 -in.  diam. 

9 

-196 

Liq.  N^ 

75, 100 

It  will  be  noted  that  the  strength  of  the  zero  degree  rods  is 
approximately  twice  that  of  the  60  specimens,  in  both  test  condi¬ 
tions.  This  shows  a  very  real  effect  of  the  variation  of  the  angle 
as  discussed  earlier.  The  close  correlation  of  strength  of  the 
two  different  sizes  of  specimetts  is  also  evident. 

B;  Constant  Strain  Rate  Tests  on  Sapphire 

Table  9-in  lists  the  presently  available  data  on  the  testing  of 
sapphire  rods  in  four  point  bending  under  various  atmospheres  and 
at  various  temperatures. 
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Table  9 -III 


CONSTANT  STRAIN-RATE  TESTS  ON  SAPPHIRE  SINGLE  CRYSTALS 

£  =  3x10"^  in. /in. /min 
N  =  number  of  teats 

-3 

<i  =  average  failure  stress  x  10  psi 
V  =  coefficient  of  variation 


Tempgrature, 

Sat.  Air 

Dry 

Wet  H2 

Vacuum 

Liq.  N2 

-196  N 
<r 

V 

■ 

12 

70.  7 
11.3% 

Room  N 
tf 

V 

IS 

38.8 

19.6% 

15 

45.9 

9.4% 

14 

39.  2 
21% 

Bi 

1  * 

200  N 
<S 

V 

14 

41.3 

11.6% 

12 

38.0 

14% 

11 

54. 1 
10.8% 

500  N 

V 

' 

10 

46.1 

12% 

850  N 
d 

V 

12 

54.0 

14% 

Results  to  date  are  insufficient  to  draw  any  conclusions  but  the 
limited  results,  plotted  in  Fig.  9-8,  indicate  that  the  single  crystal 
results  may  parallel  those  obtained  for  the  polycrystalline  material 
(Fig.  9-12). 
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C.  static  Fatigue  Tetta  on  Sapphire 

Table  9-‘lV  liete  the  available  data  on  the  testing  o£  sapphire 
specimens  under  static  load.  Figure  9-9  is  a  plot  of  the  above  data 
in  the  manner  indicated  by  Fig.  9-7.  Although  no  complete  curve 
for  any  one  temperature  has  as  yet  been  determined  for  sapphire 
specimensi  some  estimates  of  the  fatigue  parameters,  as  outlined 
in  a  previous  section,  can  be  obtained  from  Fig.  9-9> 

7.  EXPERIMENTAL  RESULTS  FOR  LUCALOX 

A.  Strength  Versus  Grain  Sise  and  Testing  Rate 

Figure  9-10  illustrates  the  effect  of  grain  sise  and  strain 
rate  on  the  strength  of  the  Lucalox  alumina  specimens  selected  as 
standard  for  this  investigation.  This  figure  also  includes  the 
strength-grain  siae  dependence  for  tests  at  liquid  nitrogen  temper¬ 
ature.  It  is  clear  that  a  fatiguing  effect  is  illustrated  by  these 
results  for,  in  general,  the  strength  of  Lucalox  tested  at  strain 
rate  of  2.  7  x  10~^  min~^  is  approximately  20  percent  less  than 
that  tested  at  a  strain  rate  of  1. 4  x  10  min  and  30  percent  leis 
than  the  base  level  strength  determined  at  a  liquid  N,  temperature. 
Within  the  limits  of  accuracy  of  the  data  it  would  appear  that  al¬ 
though  grain  sise  affects  the  base  level  strength,  it  does  not  alter 
the  fatigue  effects  that  are  obse'-ved. 
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B.  Conatant  Strain-Rate  Teatu  on  Lucalox 

Ta'ble  9-V  liata  the  reeulta  of  conatant  atraiii  rate  experiments 
on  the  standard  Lucalox  specimens  in  vaxrlous  atmospheres  and  at 
various  temperatures. 

Figure  9-11  illustrates  the  normalised  vacuum  strength  of 
Lucalox  as  a  function  of  temperature  and  the  normalised  Young's 
Modulus  of  polycryatalline  Al-^Oj  over  the  same  temperature  range. 
The  similarity  ot  the  curves  indicates  that  the  fall  off  of  strength  of 
alumina  in  vacuum  with  increased  temperatures  may  prubabiy  be 
attributed  to  the  changes  in  theoretical  strength  as  reflected  by  the 
changes  in  modulus  with  increased  temperature. 

Figure  9-12  illustrates  the  effect  of  dry  hydrogen  and  wet  hy¬ 
drogen  (saturated  at  rcom  temperature)  on  the  strength  of  alumina. 

It  is  evident^  especially  at  the  lower  temperatures,  that  wet  hydro¬ 
gen  fatigues  Al2C3>  This  fatigue  effect  becomes  less  and  leas  pro¬ 
nounced  at  increasing  temperature,  until  at  lOOO^C  no  fatiguing  action 
can  be  discerned. 

It  is  difficult  to  explain  the  slight  but  observable  fatiguing 
effect  of  dry  hydrogen.  At  this  time,  the  only  plausible  explana¬ 
tion  appears  to  be  the  possible  uncertainty  of  "dryness"  within 
the  testing  chamber  during  test,  althought  the  inlet  hydrogen  had 
a  quoted  dewpoint  of  about  -60°C.  Again,  under  dry  hydrogen,  the 
slight  fatigue  effect  disappears  at  lOOO^C. 

C,  Room  Temperature  Static  Fatigue  of  Lucalox 

Table  9-VI  lists  the  presently  available  data  for  static  fatigue 
(room  temperature)  on  Lucalox.  Data  to  date  are  Insufficient  to 
permit  any  conclusions  to  be  drawn-i- 
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Table  9-V 

CONSTANT  STRAIN-RATE  TESTS  ON 


STANDARD  LUCALOX  SPECIMENS 

t  =  3  X  10^  in.  /in.  /min 
N  =  number  o£  tests 

-3 

-  average  failure  stress  x  10  psi 
V  =  coefficient  of  variation 
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-10  EFFECT  OF  GRAIN  SIZE  AND  STRAIN  RATE  ON  STRENGTH  OF  EDCALOX 


Fig.  9-11  NORMALIZED  VACUUM  STRENGTH  AND  MODULUS  OF 

ELASTICITY  OF  Ai203  AS  FUNCTION  OF  TEMPERATURE 
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Fjg-  9-12  TEMPERATURE-ENVIRONMENTAL  EFFECTS  ON  THE  RUPTURE 
A  STRENGTH  OF  STANDARD  LUCALOX  SPECIMENS 
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8. 


CONCLUSIONS 


The  results  reported  in  previous  sections,  while  still  incom¬ 
plete,  confirm  and  extend  previous  investigator's  findings  that 
AI2O31  hoth  in  single  and  polycrystal  form,  is  subject  to  static 
fatigue,  f'rom  these  limited  results  a  number  of  general  conclu¬ 
sions  may  be  made  . 

(a)  The  reaction  responsible  for  futigue  is  probably  one  in 
which  water  vapor  from  the  atmosphere  combines  with  the  alumina 
to  form  one  or  more  of  the  many  possible  hydrated  states  of  Al20^. 

(b)  As  far  as  typical  mechanical  tests  are  concerned,  the 
fatigue  process  in  AI2O3  manifests  itself  in  the  same  fashion  as  is 
observed  for  other  materials  (e.£.  ,  glass).  Firstly,  one  observes 
delayed  failure  of  alumina  specimens  at  constant  load  in  which  the 
average  failure  time  is  a  very  strong  function  of  the  applied  stress 
(Fig.  9-9).  Secondly,  the  failure  stress,  at  constant  loading  rate, 
increases  with  the  absolute  value  of  the  loading  rate  (Fig.  9-12). 
Lastly,  the  coefficient  of  variation  of  failure  stresses  is  consider¬ 
ably  less  when  the  fatigue  process  is  permitted  than  whan  it  is  pre¬ 
vented;  as  illustrated  by  the  data  in  Table  9-V,  the  coefficient  of 
variation  at  liquid  nitrogen  temperature  (fatigue  process  prevented) 
is  around  13  per  cent,  whereas  the  mechanical  tests  under  wet  hydro 
gen  (fatigue  process  permitted)  generally  show  coefficients  of  varia¬ 
tion  of  around  5-6  percent. 


(c)  The  fatigue  limit  stress  (S, )  for  sapphire  is  about  0.  25 


N 


(Fig.  9-9)  where  is  the  control  strength  of  the  material  in  ■■■.. 
liquid  N21  devoid  of  any  weakening  due  to  fatigue  mechanisms.  The 
ratio  ~  0.25  for  sapphire  is  slightly  higher  than  that  for  the 

glasses  ^  (i.  e. ,  0.15). 


(d)  The  fatigue  reaction  of  sapphire  is  a  thermally  activated 
process.  Its  rate  constant  at  room  temperature  sufficiently  large  so 
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that  in  a  saturated  water  vapor  atmosphere^  only  stresses  near  the 
fatigue  limit  will  permit  delayed  failure  times  sufficiently  long  for 
easy  measurement  (i^e. .  greater  than  one  second)i  As  noted  in 
9“9»  it  was  necessary  to  reduce  the  temperature  tc  -35°C  for 
static  fatigue  tests  on  sapphire  to  obtain  satisfactory  measurable 
delay  times  at  stresses  near  one-half  the  base  level  stress. 

(e)  With  an  essentially  inert  gas  (H2)  saturated  with  water 
vapor  at  room  temperaturei  the  fatigue  reaction  in  Luealox  alumina 
is  sufficiently  strong  to  give  evi  .nee  of  fatigue  up  to  temperatures 
app*oaching  1000®C  (Fig.  9-12). 

(f)  As  indicated  by  Fig.  9-10,  the  fatigue  mechanism  in 
Luealox  does  not  appear  to  be  affected  by  the  grain  slae  of  the  ma¬ 
terial. 

It  is  well  to  elaborate  somewhat  on  this  point  for,  within  the 
initial  planning  of  the  overall  program,  great  consideration  was  given 
to  the  manner  in  which  the  data  obtained  on  the  special  samplas  re¬ 
quired  by  Task  9  could  be  correlated  with  data  on  different  samples 
used  by  other  investigators  in  the  program.  The  necessary  correla¬ 
tion  proves  to  be  relatively  simple  and  results  from  the  following 
argument. 

The  intrinsic  strength  of  a  brittle  ceramic  body  Is  subject  to 
constitutional  variables  such  as  grain  siae  and  distribution,  surface 
treatment,  and  the  area  of  sanq>le  under  stress  as  well  as  the  vari¬ 
ables  introduced  by  test  arrangements.  As  has  been  shown  in  the 
previous  data,  the  intrinsic  strength  of  an  alumina  specimen,  of  arbi¬ 
trary  preparation  and  shape,  may  be  reduced  if  the  environment  per¬ 
mits  a  fatigue  reaction.  Prevention  of  this  fatigue  reaction  by  testing 
at  reduced  temperature,  however,  allows  a  measurement  of  the  in¬ 
trinsic  or  control  strength  of  this  specimen.  Since  the  data  al>^aady 
obtained  (Fig.  9-9)  indicates  that  the  maximum  reduction  of  the  in¬ 
trinsic  strength  of  alumina  by  corrosion  fatigue  is  approximately  75 
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percant  one  can,  in  principle,  obtain  the  approximate  fatigue  limit 
stress  of  any  specimen  of  alumina,  tested  in  a  water  containing  at- 
mospherer,  by  first  determining  the  control  or  base -level  strength 
at  low  temperature. 

Although  the  static  fatigue  data  on  single  crystal  sapphire,  as 
illustrated  in  Fig.  9-9,  is  incomplete,  some  very  rough  estimates  of 
the  fatigue  parameters  identified  in  Fig.  9-' 7  may  be  made.  The 
slope  of  the  line  joining  the  two  points  for  fatigue  experiments  at 
-35°C  is  about  -5,  so  that  by  reference  to  Fig.  9-7,  (V*/RT)d^j^ 

AS  5(2.  3).  The  modulus,  E,  of  sapphire  at  this  temperature  is 
approximately  50  x  10^  psi  and  thus  one  would  estimate  the  theoret- 
ical  strengtht  of  sapphire  to  be  about  E/5  or  10  psi,  Convert¬ 
ing  to  the  desiied  units,  the  activation  volume  v'*'  (referred  to  a 
uniaxial  stress),  for  the  corrosion  reaction  resulting  in  fatigue,  is 
about  0.  5  cc/mole.  This  is  a  rough  estimate  but  it  corresponds  well 
with  typical  valuus  such  as  the  activation  volume  for  carbon  diffu¬ 
sion  in  iron  (referred  to  a  hydrostatic  stress)  which  is  about  0.  5 
cc/mole,  and  the  activation  volume  for  alkali  metal  ion  diffusion 
in  silicate  glasses  (referred  to  a  hydrostatic  stress)  which  is  about 
4.  0  cc/mole. 

The  fatigue  limit  for  sapphire,  is  estimated  as  about 

0.  25  from  Fig.  9-9>  and  utilizing  an  estimated  molar  volume  of 
sapphire,  of  25  cc's  and  an  estimated  critical  crack  length,  L, 

of  about  2  u,  the  surface  energy  between  the  unreacted  alumina  and 
its  corrosion  product  is  calculated  as  about  50  ergs /cm  .  At  this 
stage  of  the  analysis  of  the  corrosion  reaction  it  is  impossible  to 
state  whether  or  not  this  is  even  a  reasonable  value. 

One  further  estimate  of  interest  may  be  made  to  illustrate  the 
object  of  some  experiments  presently  underway.  At  the  beginning  of 
the  static  fatigue  experiments  on  sapphire  a  single  trial  experiment 
on  10  samples  was  tried  at  room  temperature  in  a  saturated  water 


-  402  - 


vapor  atmosphere  at  a  load  corresponding  to  a  S/S^  value  equal  to 
0.  48.  When  the  load  was  applied  failure  of  eight  of  the  samples 
occurred  almost  instantly.  We  estimate  the  average  failure  time 
at  one  second,  In  Fig.  9-9  the  average  failure  time  for  a  load  cor¬ 
responding  to  S/S^  =  0,  48  at  •^35^C  Is  estimated  at  about  7  minutes. 
This  data  is  sufficient  to  illustrate  how  a  temperature  dependence  of 
the  fatigue  reaction  nuiy  be  made  for,  on  an  Arrhenius  basis, 


log 


420 

_T_ 


A*  (  1  1 

JTJTL  ■  'm 


where  A  is  an  activation  energy  and  R  Is  the  gas  constant.  The  cal- 
culated  value  of  A  la  thus  equal  to  about  14  kcals/mole.  Such  a 
value  la  not  unreasonable  for  a  low  temperature  hydration  reaction 
of  an  oxide. 


The  foregoing  calculations  are  given  primarily  to  Illustrate 
the  type  of  analysis  the  author  desires  to  perform  when  full  and 
complete  cfxperimental  data  on  the  delayed  failure  of  alumina  will 
have  been  obtained. 
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TASK  10  -  EFFECTS  OF  THE RMALt- MECHANICAL  HISTORY  ON 
THE  MECHANICAL  PROPERTIES  OF  MAGNESIUM  OXIDE  CRYSTAI^ 


Principal  Inveatigator:  R,  J.  Stokaa 

Honeywell  Roaearch  Center 


ABST  RAGT 

The  principal  objectives  of  this  study  are  the  determination 
of  the  mechanical  behavior  of  ceramic  oxide  crystals  as  affected 
by  their  prior  mechanical  and  thermal  histories.  It  has  been 
shown  tliat  tbe  mechanical  strength  and  ductility  of  MgO  single 
crystalf  is  determined  singularly  by  the  availability  and  opera¬ 
bility  of  fresh  dislocation  sources.  Such  dislocation  sources  ex¬ 
ist  in  all  normally  handled  "as-received"  material,  which  char¬ 
acteristically  yield  at  a  stress  of  about  10,  000  psi. 

"Grown-in"  dislocations,  however,  are  locked  very  strongly; 
specimens  carefully  polished  chemically  to  remove  all  surface 
sources  withstand  extremely  high  stresses  without  yielding.  An 
anneal  at  2000*^C  further  increases  the  locking  of  grown-in  dislo¬ 
cations. 

The  strength  of  as -received  crystals  sprinkled  to  introduce 
fresh  dislocations,  declines  continuously  with  increasing  temper¬ 
ature.  However,  crystals  pre-annealed  at  ZOOO^C  and  sprinkled 
exhibit  a  local  maximum  in  strength  about  850°C--both  as -received 
and  pre-annealed  crystals  show  a  change  in  yield  behavior  to  Jerky 
flow  about  600^0. 

Mechanical  pre-strain  at  high  temperatures  softens  as-received 
crystals,  but  hardens  crystals  pre-annealed  at  2000*^0  in  the  tem¬ 
perature  range  about  bOO^C. 

Etch-pit  studies  reveal  that  an  annihilation  of  dislocations  by 
annealing  begins  above  SOO^C,  confirming  the  recent  findings  of 
other  Investigators. 


-  405  - 


TASK  10 


ErFECTS  OF  THERMAL- MECHANICAL  HISTORY 


1.  INTRODUCTION 

The  principal  objectives  ot  this  task  is  to  determine  the  me¬ 
chanical  and  thermal  histories.  The  study  is  concerned  with  two 
distinct  areas;  first,  to  compare  the  mechanical  behavior  of 
crystals  containing  only  their  grown-in  dislocations  with  crystals 
containing  controlled  surface  dislocations  sources  and,  second, 
to  determine  the  effect  of  heat  treatment  and  past  history  on  both 
of  these  extreme  situations.  Work  to  date  has  been  concentrated 
exclusively  on  MgO  crystals. 

One  of  the  most  interesting  properties  of  ionic  solids  of  the 
rock  salt  structure  is  that  under  normal  testing  conditions, 
"Grown-in"  dislocations  appear  to  play  no  role  in  their  plastic 
deformation.  This  was  first  reported  m  the  etch-pit  studies  on 
LiF  by  Gilman  and  Johnston^^^~^\  and  is  true  also  for  MgO. 

The  dislocations  which  are  generally  responsible  for  plastic  flow 
in  ionic  crystals  get  forced  into  the  crystal  during  cleavage  and 

is  A 

later  at  points  of  mechanical  contact.  Gilman'^  has  shown 
that  the  stress  intensification  factors  associated  with  foreign  par¬ 
ticles  under  points  of  contact  raise  stresses  beyond  the  theoretical 
shear  strength  of  the  lattice,  and  thereby  Inject  dislocation  loops 
into  the  surface  of  MgO  by  sprinkling  with  tiny  hard  particles  of 
silicon  carblde^^^~^^.  A  consequence  of  these  observations,  es¬ 
tablished  experimentally  in  the  present  work,  is  that  there  should 
be  a  marked  increase  in  the  mechanical  strength  of  crystals  once 
all  surface  dislocation  sources  have  been  eliminated.  MgO  is  par¬ 
ticularly  suited  for  this  kind  of  study  since  the  crystals  are  very 
strong  and  may  be  cleaved  at  room  temperature  and  manipulated 
carefully  by  hand  without  propagating  slip  dislocations  deep  into 
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their  bulk.  Certainly,  aurface  dialocationa  are  introduced,  but 
tiiey  generally  penetrate  only  a  few  microni  and  can  be  easily  re¬ 
moved  by  a  chemical  polish.  It  will  b«  shown  that  the  presence  of 
Just  one  or  two  so-called  "fresh"  dislocation  sources  rennaining  at 
the  surface  has  a  striking  effect  on  the  strength,  ductility  and  frac¬ 
ture  behavior  of  magnesium  oxide.  In  this  respect  mechanical'  his¬ 
tory  is  a  moat  significant  factor. 

Under  special  conditions  "grown-in"  dislocations  can  be  made 
to  move  and  initiate  slip  in  The  special  conditions  con¬ 

sist  of  applying  a  high  stress  pulse  to  crystals  which  have  been 
annealed  between  300-400*^0  and  quenched  as  quickly  as  possible. 

It  is  considered  that  the  heat  treatment  evaporates  impurities  as¬ 
sociated  with  "grown-in"  dislocations  and  makes  these  dislocations 
effectively  "fresh"  and  relatively  easy  to  move  under  a  high  stress. 
Recent  transmission  electron  micrographs  have  indicated  that 
"grown-in"  dislocations  in  magnesium  oxide  are  likewise  invari¬ 
ably  associated  with  tiny  precipitate  particles  strung  along  their 
length^^®"^’  .  May  and  Kronberg^^®“^|  following  a  study  of 
the  effects  of  heat  treatment  on  the  strength  of  magnesium  oxide. , 
concluded  that  softening  by  annealing  and  quenching  was  due  to  the 
the  evaporation  of  impurities  from  the  dislocations.  In  this  re¬ 
spect  thermal  history  may  be  an  important  factor  in  determining 
the  mechanical  behavior  of  magnesium  oxide.  However,  before 
the  true  effect  of  heat  treatment  can  be  studied,  it  is  necessary  to 
ellnxlnate  any  error  due  to  variation  in  surface  dislocation  density. 
For  this  reason  we  have  standardixed  two  surface  conditions  and 
studied  the  effect  of  heat  treatment  on  both  (a)  crystals  polished 
and  handled  so  carefully  that  only  "grown-in"  dislocations  remain, 
and  (b)  crystals  sprinkled  with  silicon  carbide  and  pre-loaded  at 
room  temperature  to  introduce  a  high  density  of  fresh  surface  dis¬ 
locations. 
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Finally,  we  have  conaidered  other  waya  by  which  "grown-in" 
dialocationa  may  become  unlocked  to  provide  aourcea  for  slip. 

One  of  theae  ia  currently  under  atudy  and  concerna  the  application 
of  a  fluctuating  rather  than  a  atatic  atreaa  to  the  crystal. 

All  of  theae  studies  have  been  conducted  in  terms  of  the  stress- 
strain  relationahip  under  tension  and  bending,  the  etching  behavior 
of  individual  dislocations  and  the  fracture  mechanism.  It  will  be 
shown  that  the  mechanical  behavior  following  different  mechanical 
and  thermal  histories  can  always  be  correlated  with  the  density 
and  distribution  of  available  dislocation  sources. 


2.  EXPERlJdlBNTAL  PROCEDUlUC 

The  essential  feature  of  the  experimental  procedure  was 
extreme  care  in  handling  during  all  phaees  of  preparation  to  avoid 
the  introduction  of  uncontrolled  "fresh"  dislocations.  Tests  to  de¬ 
termine  the  mechanical  properties  of  crystals  containing  grown-in 
dislocations  only  were  conducted  both  under  3 -point  loading  and 
simple  tension  in  the  Instron  machine  (loading  rate  generally  .  002 
in.  per  min). 

For  the  bending  tests,  single  crystal  beams  were  cleayed  to 
the  appropriate  dimensions  (1/4  in.  x  1/8  in.  x  1  in. )  and  chemi- 
cally  polished  until  no  eurface  dislocations  remained.  This  was 
determined  by  etching  the  polished  crystals  and  examining  them 
thoroughly  for  the  sharp  etch  pits  characteristic  of  "fresh"  dislo** 
cations  (see  later).  When  satisfactory  they  were  given  a  further 
final  polish  before  testing.  Unfortuinately  these  tests  suffered  a 
limitation  in  that  the  crystals  were  generally  so  strong  that  crush¬ 
ing  at  the  upper  load  point  caused  them  to  shatter  prenuaturely.  To 
overcome  this  lintitation  it  was  necsssary  to  use  a  nuthod  of  loading 
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which  avoided  contact  in  the  gauge  length.  Four-point  loading  and 
simple  compression  offered  no  advantage,  the  only  straight  forward 
method  available  was  simple  tension. 

A  number  of  successful  tension  tests  were  performed  on  cry¬ 
stals  into  which  reduced  gauge  sections,  typically  3/8  in.  long  and 
.05  in.  square,  were  machined  either  by  ultrasonic  or  chemical 
reduction  techniques.  Chemical  reduction  was  achieved  by  coating 
the  grip  ends  of  a  specimen  with  a  resistive  plastic  and  immersing 
it  in  boiling  acid  for  about  30  minutes.  Following  either  method  of 
reduction  it  was  necessary  to  polish  the  whole  crystal  for  a  further 
30  minutes  to  ensure  the  complete  removal  of  surface  dislocations. 
The  crystals  were  mounted  carefully  in  split  grips  with  a  single 
component  thermal  setting  epoxy  (Fullers  Resiweld  No.  105).  This 
particular  epoxy  was  very  satisfactory:  it  was  easy  to  apply,  it 
wetted  both  magnesium  oxide  and  steel  and  provided  a  very  strong 
bond.  The  stress  distribution  during  loading  was  assessed  with 
stress  birefringence  techniques  and  was  remarkably  uniform  through¬ 
out  the  gauge  length. 

The  effect  of  heat  treatment  was  studied  only  under  bending. 
There  were  three  types  of  tests.  In  the  first,  chemically  polished 
crystals  were  annealed  for  1/2  hr  at  various  temperatures  up  to 
2000^C  and  fast  or  slow  cooled.  Those  maintained  at  bOO^C,  800^Q 
lOOO^C  and  IZOO^C  were  fast  cooled  by  removal  from  the  air  furnace, 
those  at  1500'^C  and  ZOOO^C  were  fast  coded  in  the  helium  atmosphere 
of  a  carbon  furnace  by  switching  the  power  off  and  increasing  the  gas 
flow  rate.  All  specimens  reached  room  temperature  in  10-15  min. 

In  the  second  type  of  test,  crystals  were  given  a  preliminary 
anneal  at  ZOCO^C  for  1/2  hr,  then  sprinkled  at  room  temperature, 
with  silicon  carbide  and  loaded  until  macroscopic  yielding  could  just 
be  detected.  This  introduced  short  slip  band  segments  of  "fresh” 
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dinlocation*  into  the  CryetaU  preetraiined  In  thli 

faahlon  were  annealed  at  various  temperatures  £or  different  be¬ 
havior  and  dislocation  density.  The  reason  for  the  ZOOO^Q  pre¬ 
liminary  anneal  was  two-fold;  first  it  standardised  the  starting 
condition  and  second,  it  provided  a  clear  background  against  which 
etching  studies  could  be  conducted  with  greater  resolution  (see 
later). 

In  the  third  type  of  test,  crystals  were  sprinkled  and  pre- 
loaded  at  room  temperature  and  then  the  deformation  was  contin¬ 
ued  at  a  higher  temperature.  Temperatures  up  to  lOOO^’C  could 
be  reached  with  a  small  furnace  placed  around  the  specimen  in  the 
Instron.  The  specimen  can  slowly  up  to  temperature  and  was  al¬ 
lowed  1/4  hour  at  temperature  to  achieve  equilibrium  before  load¬ 
ing.  After  a  small  amount  of  strain  at  the  high  temperature  the 
test  was  recontinued  later  at  room  temperature, 

A  few  tests  have  been  conducted  under  fluctuating  stress. 

To  date  these  have  been  half  cycle,  i.e. ,  tension- unload,  and 
have  been  performed  on  conventional  tension  type  specimens  in 
the  Instron. 

In  an  attempt  to  understand  the  effects  of  heat  treatment  and 
restressing  on  the  behavior  of  individual  slip  dislocations  and  slip 
bands,  considerable  use  was  made  of  etch  pit  techniques.  There 
were  many  alternative  procedures  each  giving  a  different  type  of 
information,  dependent  upon  the  stage  selected  for  etching  and 
whether  an  Intermediate  polish  was  used  to  erase  old  etch  pits. 
For  example,  comparing  an  etched  surface  before  and  after  an¬ 
nealing  with  or  without  an  intermediate  polich  provided  informa¬ 
tion  on  the  effect  of  the  anneal.  Comparison  could  be  made  photo¬ 
graphically  or  by  cleaving  a  crystal  in  two  and  retaining  one-half 
for  reference.  Similarly,  etching  before  and  after  the  final  load¬ 
ing  was  used  to  identify  the  reactivated  dislocation  sources  which 
contributed  to  the  subsequent  deformation. 
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During  all  annealing,  poliahing,  handling  and  etching  treat- 
menta,  it  waa  eaaential  to  aupport  the  apecimens  at  their  ends 
only,  otherwise  mechanical  contact  within  the  gauge  length  led  to 
completely  erroneous  and  non-reproducible  obaervationa. 


3.  THE  STRENGTH  OF  CRYSTALS  CONTAINING  "GROWN- IN" 

DISLOCATIONS 

A.  Tension  Testa 

Testa  were  conducted  on  carefully  polished  crystals  under 
both  bending  and  aimple  tension.  For  convenience  the  tension 
tests  will  be  described  first.  They  are  summarised  in  Fig.  10-1 
and  Table  lO-I  where  the  quoted  stresses  are  absolute  tensile 
stress,  not  resolved  shear  stress  .  Table  lO-I  includes  data 
on  the  specimen  size,  maximum  stress  supported  and  mode  of 
deformation  and  fracture. 

In  all  cases  (excluding  specimens  10  and  11)  the  specimens 
behaved  absolutely  elastically  up  to  their  maximum  stress,  the 
value  of  which  could  be  extremely  high.  Under  polarised  illum¬ 
ination  the  gauge  length  of  the  crystals  changed  uniformly  and 
gradually  through  the  color  spectrum  as  the  stress  birefringence 
increased.  The  highest  stress  value  was  measured  on  the  bi¬ 
crystal  specimen,  109,  000  psi.  This  particular  specimen  pulled 
out  of  the  grips  without  yielding  so  probably  an  even  higher  value 
was  possible.  Five  of  the  single  crystal  specimens  (No.  '•  2.  3, 

4,  5  and  6)  pulled  out  of  the  grips  prenraturely.  It  was  found  that 
their  gauge  length  returned  to  complete  extinction  under  crossed 
polarolds,  indicative  of  zero  residual  stress  and,  therefore,  elas¬ 
tic  behavior  under  load. 

*  No  significance  should  be  attached  to  the  modulus  of  the  curves 
in  the  elastic  region  since  the  slope  ia  purely  arbitrary. 
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Figure  10-1  TENSILE  PROPERTIES  OF  POLISHED  MAGNESIUM  OXIDE 


CRYSTALS . 
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Table  10 -I 


TREATMENT  AND  MECHANICAL  BEHAVIOR  OF  MgQ 
SINGLE  CRYSTALS 


Cr  08  a -Sectional 
Area,  (aq,  in. ) 

Maximum 

Streca,(pai) 

Mechanical  Behavior 

1 

0.00625 

42,  300 

Filled  with  alip.  Frac¬ 
ture  at  alip  interaection. 

25**' 

0.00305 

53,  000 

No  alip,  Pulled  out  of 
gripe  at  53,  000  pai. 

y** 

0.0046 

55,  950 

Do,  at  55,  590  pal. 

4 

0. 00455 

56,  000 

No  alip.  Fracture  at 
aurface  Haw. 

54 

0.00135 

72,  800 

No  alip.  Pulled  out  of 
gripe  at  72,  800  pai. 

64 

0.0012 

83,  700 

Do.  at  S3,  700  pai. 

74 

0.00175 

71,  700 

Filled  with  alip.  Yield 
at  16,  700' pai.  Fracture 
at  alip  Interaection. 

6 

0.0046 

37,950 

Do.  Yielded  at  17,  8OO 
pai. 

9 

0.0040 

36,  260 

Do.  Yielded  at  17,  400 
pal. 

10 

0.0045 

17,  500 

slip  in  c  ryatal  before 
teat.  Yielded.  Frac¬ 
ture  at  alip  Interaectioh. 

11 

0  .  005 

’ 

11,  000 

Slip  aourcea  Introduced 
deliberately.  Yielded. 
Fracture  at  alip  Inter¬ 
aection. 

Bicryatai’ 

0.0018 

109,  000 

No  alip.  Pulled  out  of 
gripe  at  109,  OOO  pai. 

Chemically  reduced  gauge  eectioil. 

**Annealed  at  Z0GQ°C  lor  1/2  hr  belcre  teat,  alow  cool. 
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Sp«cim«n«  I,  7,  8,  and  9  behaved  elaaticaUy  up  to  their  max¬ 
imum  atress  at  which  level  they  auddenly  filled  with  a  burst  of 
slip  on  a  number  of  intersecting  planes.  This  was  accompanied 
by  a  large  stress  drop.  Specimen  1  fractured  instantaneously  due 
to  slip  band  interaction  and  appeared  completely  brittle  while  the 
other  three  continued  to  deform  plastically  at  a  stress  level  of 
approximately  17>  500  pel.  Specimens  8  and  9  fractured  due  to  slip 
band  intersection  to  leave  the  characteristic  'line*'  source  of  frac¬ 
ture  and  specimen  7  was  unloaded  before  fracture  occurred. 

It  was  impossible  to  determine  exactly  where  slip  originated 
in  these  four  specimens.  At  first  it  was  considered  that  the  slip 
(as  revealed  by  etching)  started  in  the  gripped  area,  where  inevi¬ 
table  there  was  mechanical  contact,  and  then  ran  down  the  gauge 
length.  While  this  may  or  may  not  have  been  so  for  some  speci¬ 
mens,  in  the  case  of  specimen  9  the  slip  was  confined  entirely 
within  the  gauge  length  and  muit  have  originated  there.  It  can  be 
argued  that  the  single  source  responsible  for  initiating  slip  (it 
would  have  been  extremely  coincidental  if  more  than  one  was  in¬ 
volved  at  the  yield  point)  was  a  "grewn-in"  dislocation  since,  had 
it  been  a  "fresh"  dislocatioh,  the  curve  would  have  been  smooth  and 
essentially  slmiliar  to  that  for  specirhan  11  as  has  been  described 
el.ewh.r.O'’-'''. 

For  comparison,  specimens  10  and  1 1  illustrate  the  mechan¬ 
ical  behavior  of  crystals  containir.^  fresh  surface  dislocations. 
Specimen  10  contained  a  few  sources  introduced  by  accident  just 
before  the  test.  It  yielded  smoothly  at  15,  000  psi  before  it  too 
fractured  at  a  slip  band  intersection.  Specimen  II  was  deliber¬ 
ately  sprinkled  after  polishing  to  introduce  a  high  density  of  sur¬ 
face  dislocations.  It  yielded  smoothly  at  II,  000  psi  and  was  vsry 
ductile  (hence  the  horisontal  arrow  in  Fig.  10-1)  in  agreement 
with  earlier  observations  on  the  tensile  behavior  on  magnesia 
cry.t.I."'’-'’'. 
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Polishing  a  crystal  so  thoroughly  that  all  fresh  dislocation 
sources  were  eliminated  therefore  served  to  raise  the  strength 
considerably  and  change  the  yielding  behaviot.  The  obvious  inter¬ 
pretation  was  that  the  "grown-in"  dislocations  were  strongly  locked 
either  because  of  the  impurity  precipitate  particles  strung  along 
their  length  or  because  they  possessed  the  wrong  Burgers  vector 
to  initiate  glide  on  the  <110>  {lio)  systern.  There  was 
apparently  a  considerable  fluctuation  in  the  stress  required  to  un¬ 
lock  them  since  some  crystals  remained  elastic  up  to  80,  000  psi 
and  above,  while  others  yielded  at  36,  000  psii,  This  fluctuation 
may  be  due  to  the  amount  of  Impurity  or  the  thermal  history  of  the 
individual  specimens.  For  the  most  part  the  crystals  were  received  * 
from  the  Norton  Company  and  their  thermal  history  and  purity  was 
unknown,  Only  three  tension  specimens  (Ho.  's  2,  3  and  the  bi- 
crystal)  ware  given  a  heat  treatment,  this  consisted  of  a  1/2-hr 
anneal  at  2000°G  followed  by  a  relatively  slow  cool,  taking  a  fur¬ 
ther  1-hr  to  reach  room  temperature.  Significantly  all  three  spec¬ 
imens  deformed  completely  elastically.  Whether  a  quench  from  the 
same  temperature  to  Isolate  the  dislocations  from  the  impurity  par¬ 
ticles  would  reiult  in  a  different  behavior  was  not  dltermined.  How¬ 
ever,  bend  tests  to  be  described  later  Indicated  no  difference, 

It  will  be  noted  in  Table  10- i  that  the  four  specimens  to  attain 
the  highest  strength.  No.  's  5,  6,  7  and  the  bicrystal,  were  also  the 
ones  of  smaller  cross-section.  The  only  significance  attached  to 
this  observation  was  that  it  was  a  consequence  of  the  statistical  dis¬ 
tribution  of  "grown-in"  dislocations  which  could  become  active  under 
stress;  the  smaller  the  stressed  volume,  the  less  the  chance  that 
slip  would  nucleate. 

There  was  another  important  observation  concerning  the  distri¬ 
bution  of  slip  in  carefully  polished  crystals  as  they  yielded.  Imme¬ 
diately  after  the  yield  drop,  slip  was  found  to  have  occurred  in  widely 
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•paced  bands  on  intersecting  planes  all  along  the  gauge  length^ 

Since  slip  originates  at  a  single  source,  it  was  interesting  to  in¬ 
quire  how  it  could  spread  to  form  the  systems  observe^  at  frac¬ 
ture.  It  should  be  remembered  that  when  slip  nucleated  from  a 
single  fresh  source,  yielding  occurred  smoothly  and  the  source 
gave  rise  to  a  single  slip  band  which  merely  continued  to  get  wider 
by  the  double  cross-slip  mechanism^^^'^^  at  its  edge^^^~^\  The 
difference  between  these  two  situations  must  be  ascribed  to  the 
stress  level  at  which  the  single  source  began  to  operate.  In  the 
case  of  groWn-in  dislocations  the  stress  level  was  very  high;  it 
is  proposed  that  the  Initial  burst  of  dislocations  moved  with  such 
a  high  velocity  that  the  concentrated  stress  pulse  associated  with 
them  was  able  to  trigger  off  other  grown-in  sources.  Evidence 
that  this  could  occur  was  obtained  indirectly  and  is  illustrated  in 
Fig.  10-2  on  a  specimen  undergoing  bending;  it  can  be  seen  that 
a  slip  band  Initiated  slip  on  orthogonal  systems  at  points  where  It 
intersected  the  grown-lh  substructure.  No  corresponding  evi¬ 
dence  could  be  obtained  on  the  tension  specimens;  in  general,  the 
slip  bands  were  too  far  developed  to  be  able  to  determine  their 
origin. 

B.  Bend  Tests 

The  elimination  of  surface  dislocations  by  polishing  resulted 
in  a  very  striking  change  In  the  fracture  behavior  of  crystals  un¬ 
dergoing  bending  as  compared  «o  thoSe  subjected  to  tension.  The 
reason  for  this  Was  that  fresh  dislocations  were  reintroduced  along 
the  line  of  contact  with  the  central  loading  point  on  the  beams,  sc 
that  dislocations  were  able  to  move  quite  easily  On  the  compression 
surface  to  promote  local  plastic  deformation.  The  slip  distribution 
then-took  the  form  shown  in  Fig.  10»'.3(a).  Under  load  the  .neutral 
axis,  as  observed  under  polarised  light,  became  further  and  further 
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Fig.  10«2  NUCLEATION  SLIP  ON  INTERSECTINO 

SYSTEMS  BY  A  PASSING  SLIP  BAND  FOR 
SPECIMENS  SUBJECTED  TO  TENSION 
(X7S) 

(Note  elip  origination  where  the  paeaing 
■lip  band  cute  acroea  the  aUbatrUcture). 
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depressed  toward  the  tension  surface  until,  at  a  high  stress,  crush¬ 
ing  occurred  under  the  central  load  point  and  cracks  started  to  pro¬ 
pagate  across  the  cross-section.  Piecing  the  fragments  together, 
it  appeared  that  the  bottom  strain  free  region  had  burst  out  of  the 
crystal  and  the  sudden  stress  relaxation  caused  the  remainder  of 
the  material  to  shatter;  This  action  can  be  seen  Just  starting  in 
Fig.  10-3(a).  By  contrast,  when  the  tension  surface  contained  a 
number  of  fresh  dislocations,  the  neutral  axis  remained  along  the 
center  of  the  cross-section  as  shown  in  Fig.  i0-3(b|;  fracture  then 
eventually  occurred  by  the  mechanisms  outlined  elsewhere^^^'^^ 

The  stress -deflection  curves  obtained  under  such  conditions 
were  rather  meaiUngless.  Nonetheless  they  are  included  in  Fig. 
10-4  for  the  illustration  of  several  points.  The  stress  quoted  in 
these  curves  was  calculated  from  the  elastic  beam  formula  o  a 
Mc/li  this  is  obviously  Inaccurate  when  the  neutral  axis  displaced 
and  is  provided  only  a  means  for  comparison. 

First,  it  will  be  noted  that  many  of  the  curves  showed  an  ap¬ 
parent  plasticity  before  fracturs.  It  is  now  known  that  this  was  due 
to  deformation  in  the  compression  surface.  Specimens  1  through 
5,  9  and  10  all  shattered  in  the  manner  described  above  and  in  this 
respect  may  be  regarded  at  having  deformed  elastically  up  to  the 
maximum  stress  similar  to  specimens  1  through  6  in  Fig.  10-1. 
Specimens  6,  7  and  8  suddenly  yielded  when  slip  burst  into  the 
tension  region  and  containued  deforming  at  a  lower  stress  similar 
to  specimens  7,  6  and  9  in  Fig.  10-1.  Specimen  11  was  sprinkled 
to  introduce  a  high  density  of  surface  slip  sources  and  showed  a 
more  conventional  stress-deflection  curve. 

Fig,  10-4  also  compares  the  behavior  under  bending  of  a  num¬ 
ber  of  polished  crystals  which  have  been  subjected  to  different 
thermal  histories.  Within  the  accuracy  of  the  technique  it  could  be 
concluded  that  there  was  no  difference  between  a  fast  (within  15  min) 
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Fig.  iO-3(a)  SLIP  DISTRIBUTION  IN  A  POLISHED  MgO  CRYSTAL 
UNDER  BENDING  (XIO) 

Upper:  Polarized  Illumination  Lower;  Etched,  Normal  Illumination 
(Note  the  horizontal  crack  just  starting  to  run. ) 
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Fig.  10- 3(b)  SLIP  DISTRIBUTION  IN  A  POLISHED  AND  SPRINKED 
MgO  CRYSTAL  UNDER  BENDING  (XlO) 


Upper;  Polarized  Illumination  Lower:  Etched,  Normal  Illumination 
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and  a  slow  (1  hr)  cooling  rate  from  2000*^0.  On  the  other  hand, 
fast  cooling  (within  2  min)  from  lOOO^C  gave  curvet  different  in 
form  to  thoee  obtained  by  alow  cooling  (1  hr)  from  lOOO^C.  An 
explanation  for  theae  differencea  in  terma  of  the  locking  of 
"grown>in"  dialocationa  by  impuritiea  ia  not  available  at  the 
moment. 

C.  Etch  Pit  Studiea 

Studiea  were  made  to  determine  the  effect  of  heat  treatment 
on  the  reaulting  micrpatructurea,  aa  revealed  by  etching.  While 
there  Were  quite  diatinct  changea  they  could  not  be  related  aimply 
to  the  mechanical  behavior.  They  require  a  more  detailed  analyr- 
aia  in  the  future. 

On  etching  magneaium  oxide  it  waa  poaaible  to  diatlnguiah  be¬ 
tween  freah  dialocationa,  aged  dialocationa  and  "non-linear”  de^^ 
facta.  Freah  dialocationa  gave  deep  aharp  conical  pita  of  uniform 
aize  aligned  in  rowa  parallel  with  [|l0^  or  Qio"  directiona, 
whereaa  aged  dialocationa  were  not  ao  readily  attached  and  left  re¬ 
latively  amaller  pita  of  varying  aiaea.  Non-linear  defecta,  which 
would  Include  vacancy  cluatara,  precipitate  particlea,  etc.,  left 
•hallow  flat-bottomed  pita. 

Fig.  10-5  comparea  the  microatructure  following  an  anneal  of 
companion  Norton  cryatala  at  (a)  2000^0  and  (b)  1000*’c.  Theae 
were  typical  and  could  be  developed  eaaentially  independent  of  the 
cooling  rate  from  the  reapective  temperaturea.  In  Fig.  10- 5(a) 
the  only  pita  to  be  aeen  were  thoae  due  to  aged  dialocationa  located 
in  email  angle  boundariea,  and  a  few  iaolated  dialocationa  within 
the  aubatructure  againat  an  exceptionally  clear  background.  By 
contraat  when  the  aame  atarting  material  waa  annealed  at  1000°C, 
(Fig.  lO-S(b),  the  region  between  the  email  angle  boundariea 
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Fig.  10-5  APPEARANCE  AND  DISTRIBUTION  OF  ETCH  PITS 
ON  MAGNESIUM  OXIDE 

(a)  Following  a  1/E-hour  anneal  at  2000°C 

(b)  Following  a  l-hour  anneal  at  1000°C 

Note  fresh  dislocations  at  bottom  left-hand  corner  of  (b), 
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contained  a  high  density  of  shallow  pits  except  in  the  immediate 
vicinity  of  the  boundary  where  there  was  a  marked  "denuded  xone". 
The  denuded  none  appeared  similar  to  the  distribution  of  precipi¬ 
tate  in  the  vicinity  of  grain  boundaries  in  materials  unde'r going  a 
precipitation  reaction,  although  it  was  not  clear  why  the  micro¬ 
structure  was  independent  of  cooling  rate.  Fig.  10- 5(b)  also  in¬ 
cludes  some  etch  pits  due  to  fresh  dislocations  in  the  bottom  left- 
hand  corner  for  comparison. 

Etching  crystals  in  the  as-received  condition  generally  led  to 
a  microstructure  similar  to  Fig.  10- 5(b)  although  the  background 
density  of  shallow  pits  was  not  so  high.  All  that  can  be  concluded 
with  certainty  at  this  time  is  that  annealing  at  ZOOOoC  tends  to  clear 
up  the  background,  presumably  because  the  precipitating  species 
was  taken  back  into  solution. 

4.  EFFECT  OF  HEAT  TREATMENT  ON  PRE-STRAINED 

CRYSTALS 

A.  Bend  Tests  at  Room  Temperature 

Tests  to  study  the  effects  of  heat  treatment  on  prestrained 
crystals  have  been  conducted  under  bending  only.  For  the  pur¬ 
poses  of  comparison  the  majority  of  tests  have  been  run  on  spec¬ 
imens  cleaved  from  the  same  large  parent  block.  The  specimens 
were  annealed  first  at  2000*^0  for  1/2  hr  with  a  fast  cool,  chemi¬ 
cally  polished  and  sprinkled  with  325-mesh  silicon  carbide  parti¬ 
cles,  They  were  then  preloaded  with  a  slight  moment  at  room 
temperature,  and  annealed  at  various  temperatures  for  different 
times.  Next,  they  were  reloaded  at  room  temperature  to  deter¬ 
mine  the  change  in  strength,  fracture  behavior  and  dislocation 
density.  Typical  results  following  a  1-hr  anneal  at  various  tem¬ 
peratures  are  included  in  Fig.  10-6  and  10-7.  In  Fig.  10-6  the 
flow  stress  ratio  plotted  as  a  function  of  the  annealing 
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temperature;  wae  the  etreee  ievei  at  which  preloading  etopped 
and  (T,  wae  the  etreee  level  at  which  the  firet  indiceiion  of  renewed- 
elip  wan  obeerved  in  the  teneion  region  after  the  anneal.  It  ehould 
be  noted  that  the  value  ueed  for  generally  leee  than  the  etreee 

required  to  promote  macroecopic  yielding.  An  Fig.  10-6  ehowe,  the 
yield  etrength  decreaeed  eligbtly  following  an  anneal  at  temperaturee 
up  to  about  500°C.  Above  600^C,  the  hardening  wae  inereaelngly  ef¬ 
fective  until  at  IZOO^C  the  etrength  could  be  approximately  doubled 
by  annealing.  Annealing  for  one  hour  (or  even  half  an  hour)  at  1500  v 
or  ZOOO^C  rained  the  yield  etrength  no  high  that  elip  could  not  be  reac¬ 
tivated  before  the  epecimen  fractured  by  cruehlng  from  the  compree- 
eion  eide  an  deecribed  in  Section  3B. 

Typical  etreee-deflectlon  curvee  following  "a  1-hr  anneal  at  600, 
700.  800,  1000  and  IZOO^C  are  Included  in  Fig.  10-7.  The  preload 
etreee  level  and  deflection  are  included  to  the  left  of  each  curve. 

There  were  a  number  of  intereating  pointe: 

(1)  The  curve  following  the  bOO^C  anneal  waa  elgnlllcantly  dif¬ 
ferent  from  the  othero.  There  wan  virtually  no  atrongthening»  the 

curve  wae  amooth  and  the  ductility  conelderable.  In  addition,  the 

*  • 

complex  fracture  behavior  and  high  elip  band  denaity  ware  character- 
intic  of  magnenia  cryetaln  which  had  been  eprlnkled  but  not  annealed 
at  all^^^‘‘'^\  Similar  obaervationn' were  made  on  cryetaln  annealed 
at  ZOO,  350,  and  SOO^C  and  at  bOO'^C  for  perioda  up  to  lb  bourn. 

(Z)  Ae  the  annealing  tenq>erature  wan  rained  above  bOO'^C,  the 
etrength  increaned  markedly,  but  the  curvee  became  Jerky  and  tho 
ductility  decreaeed.  After  1  hr  at  700*’C  the  curve  levelled  out  and 
the  epecimen  underwent  hardening  before  fracture  after  conelderable 
ductility.  At  SOO^C  the  curve  likewine  became  nmoother  but  never 
levelled  out.  At  lOOO^C  and  IZOO'^C  the  yield  drope  were  much  more 
pronounced  and  the  npecimene  were  quite  brittle.  In  all  caeen  the 
epecimene  fractured  from  a  eharacterietic  line  eource  due  to  elip 
band  intereeetion^^®"^’ 
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By  varying  tha  tima  of  annaal  at  tha  diffarant  tamparaturea  It 
waa  poBiibla  to  gat  an  ovar^all  plotura  of  tha  rata  at  which  atranth- 
aning  ocCurrad.  lUthar  than  raproduca  tha  curvaa  in  datail  (tha 
pattarnwaa  always  tha  aama  aa  in  Fig,  10-7)  only  tha  changa  in  tha 
flow  atresa  ratio  will  ba  raportad  hara.  Tha  ratios  ara 

plotted  in  Fig.  10-t  aa  a  function  of  annaaiing  tima.  It  will  ba 
notad  that  tha  curyaa  for  700,  800  and  lOOO^C  could  ba  groupad 
togathar  and  taiidad  to  laval  out  at  a  valua  of  1.  6.  Tha  curve  for 
600^C  was  lower  and  layallad  out  at  I.  25.  By  contrast  tha  curve 
for  1200*^0  was  distinctly  staapar  and  higher.  In  fact,  altar  2  hr, 
at  1200^0  tha  slip  in  tha  tension  rsgion  could  not  ba  raaetivittad  even 
though  tha  atrass  reached  a  value  2.  5  times  0*^.  Instead,  tha  spaci- 
man  fractured  by  crushing  from  tha  compression  Side  aa  described 
aarllar.  This  imposed  a  fundamental  limit  on  this  aspect  of  tha 
study. 

In  all  of  tha  taste  reported  in  this  section  tha  gauge  length  was 
viewed  through  the  polarising  microscopa  during  the  final  loading. 

It  was  confirmed  that  each  of  tha  yield  drops  contributing  to  tha 
Jarkinass  on  tha  curve  corresponding  with  a  burst  of  slip  generally 
in  tha  tension  region  of  the  crystal.  A  similar  correlation  waS 
made  with  tha  slip  band  density  determined  by  etch  pit  tachni(|ues. 
The  number  of  yield  drops  corresponded  exactly  with  tha  number 
of  slip  bands  which  could  be  seen  to  have  reactivated  under  stress. 

From  these  observatione,  it  is  possible  to  draw  seme  general 
conclusions  concerning  tha  mechanical  behavior  of  annaalad  pre- 
strained  crystals.  First  it  is  concluded  that  an  anneal  at  500*^Cor 
600<*C  has  only  a  minor  affect  on  tha  stress  required  to  move  dis¬ 
locations;  tha  sources  ara  easily  reactivated,  and  their  high  density 
leads  to  smooth  yielding.  At  100**C  tha  dislocations  become  more 
strongly  locked  and  can  be  reactivated  only  one  by  one  until  the  den¬ 
sity  of  active  sources  is  again  high  enough  to  produce  a  smooth 
stress  deflection  curve.  At  higher  temperatures  the  locking  is 
stronger  and  leads  to  sharp  yield  drops. 
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It  is  important  to  note  that  the  strengthening  arises  from  dis~ 
location  locking  and  not  from  a  change  in  mlcrostriicture  for  if  a 
preetrained  and  annealed  crystal  was  sprinkled  to  reintroduce 
fresh  sources,  then  it  became  ss  soft  and  as  ductile  as  before 
the  anneal. 

B.  Bend  Tests  at  High  Tempt\ratures 

Again  for  the  purposes  of  compa;^ison  the  majority  of  tests 
have  been  run  on  a  large  number  of  crystalj  cleaved  from  the 
same  block,  la  one  series  of  tests  specimens  cleaved  from  a 
Norton  Company  single  crystal  were  annealed  first  at  2000°C 
for  1/2  hr  with  a  fast  cool,  while  In  another  series,  a  Semi- 
Elements  crystal  was  tested  both  as-received  and  after  an  anneal 
ai  ZOOO'^C.  The  specimens  Were  carefully  polished,  sprinkled 
with  32S-mesh  silicon  carbide  particles  and  preloaded  at  room 
temperature.  The  purpose  of  the  preloading  was  to  fill  the  ten¬ 
sion  region  with  fresh  slip  dislocations  and  also  to  measure  the 
stress  level  (r|  at  which  room  temperature  slip  was  occurring. 
Loading  was  continued  at  the  high  temperature  for  a  period  long 
enough  to  establish  its  yielding  behavior;  finally  the  test  was  com¬ 
pleted  at  room  temperature,  A  typical  loading  sequence  of  this 
nature  is  illustrated  in  Fig.  10-9. 

As  the  test  temperature  was  increased  there  was  a  marked 
change  in  yielding  behavior.  For  the  crystals  pre-annealed  at 
2000^C  (chiefly  Norton  Company)  the  stress  deflection  curves 
were  smooth  at  test  temperatures  up  to  dOO^’c  with  a  noticeable 
Work  hardening.  At  500*^C  the  plastic  region  of  the  curve  was 
flat  and  smooth,  and  showed  no  work  hardening.  At  600**C  the 
curve  was  also  flat  but  very  jerky.  Above  TOO^C  there  was  a 
large  yield  drop  followed  by  considerable  Jerkiness  as  illustrated 
in  Fig.  10-9(b)  at  S50^C.  Essentially  similar  observations  were 
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Figure  10-9  TYPICAL  SEQUENCE  OF  BEND  TESTS  TO  DETERMINE 
HIGH  TEMPERATURE  MECHANICAL  BEHAVIOR. 

MgO  Crystals  Preannaaled  at  2000*  C 
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mad«  on  th«  (Soml-Elemonto)  cry«taU  oxcopt  that  the  traneition 
to  Jerky  flow  occurred  lOO'^C  higher.  It  waa  Important  to  note  that 
the  traneition  in  high  temperature  yielding  behavior  occurred  be¬ 
tween  SOO^C  and  600^C,  precieely  the  eame  temperature  range 
wherein  annealing  etarted  to  produce  an  increaie  in  room  temper¬ 
ature  atrength  aa  ahown  in  Fig.  10-6. 

The  effect  of  temperature  on  the  atrength  of  MgO  aingle  cry- 
atala  could  be  Illustrated  beat  by  plotting  the  ratio  of  the  flow 
atreaf  a^  the  high  temperature  ((T^)  to  the  flow  atreaa  at  room 
temperature  (dj)  aa  a  function  of  temperature.  The  uae  of  the 
flow  atreaa  ratio,  reaulta  and  eliminated 

any  variation  in  yield  atrength  from  apeclmen  to  apecimen.  Aa 
Fig.  10-9  ahowa,  a  different  value  of  could  bo  obtained  de¬ 

pending  upon  whether  the  temperature  waa  incroaaed  or  decreaaed. 
Theae  ratioa  are  plotted  in  Figa.  10-10  and  10-11  for  the  Norton  and 

Semi-Elementa  cryatala  reapectively.  Several  intereating  deduc- 

•<1  " 

•  tiona  can  be  drawn  from  an  examination  of  theae  flgurea.  aa  fol- 
lowa: 

For  Increaaiag  temperaturea.  the  flow  atreaa  ratio  paaaea 
through  a  minimum  at  approximately  SOO^C  and  a  maximum  at  S50° 
C  when  both  Norton  and  Semi-Elementa  cryatala  were  given  a  pre¬ 
liminary  anneal  at  ZOOO^’C.  The  curve  from  Fig.  10-10  ia  replotted 
in  Fig.  10- 1 1  to  ahcw  that  the  three  pointa  obtained  on  annealed 
Semi-Elementa  cryatala  lie  right  on  the  aame  curve.  It  waa  inter- 
eating  to  note  that  cryatala  teated  under  theae  condltiona  were 
equally  aa  atrong  at  850^C  aa  they  were  at  ZOO^C. 

The  atrength  of  aa-received  cryatala  decreaaeu  continuoualy 
with  temperature.  Comparing  both  temperature  increaae  ratio 
curyea  in  Fig.  10-11  it  can  be  aeen  that  aa-received  cryatala  were 
relatively  atronger  at  temperature  a  up  to  600‘*C»  but  above  600^*0 
pre-annealed  cryatala  were  auperior. 
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It  is  interesting  to  note  thet  essentially  similar  observations 
were  made  by  May  and  Kronberg^^®”^^  who  compared  the  yield 
strength  of  as-cleaved  crystals  in  three  conditions,  as-received, 
quenched  from  IQOO^C,  and  slowly  cooled  from  1000®C.  Both  the 
as -received,  quenched  from  1000  C,  and  slowly  cooled  from  1000  C. 
Both  the  as -received  and  the  slowly  cooled  crystals  showed  a  grad¬ 
ually  decreasing  strength  similar  to  as -received  crystals  in  Fig. 
lOr  11,  whereas  the  quenched  crystals  showed  a  minim,  ri  and  max¬ 
imum  in  the  strength  curve  at  precilsfly  the  same  tempt,  ratures 
measured  on  our  annealed  crystals  in  Fig.  lO-lO.  May  and  Kron- 
berg's  results  are  plotted  in  Fig.  10-10  for  compafison, 

The  purpose  of  the  final  test  at  room  temperature  was  to  de¬ 
termine  whether  or  not  the  increased  dislocation  mobility  and 
ease  of  cross  slip  during  high  temperature  strain  would  produce 
a  crystal  softer  and  more  ductile  than  before.  A  simple  evalua¬ 
tion  of  this  could  readily  be  obtained  by  comparing  the  relative 
values  df  the  flow  stress  ratio,  ^2^10"^  on  increasing  and  decreas¬ 
ing  the  temperature  in  Figs.  16-10  and  10-11.  If  on  raising 

the  tempeirature  was  less  than  on  lowering  it,  then  by  definition  the 
yield  stress  in  the  final  room  temperature  test  was  less  than  the 
flow  stress  at  the  completion  of  the  initial  test.  In  this  case  the 
crystal  was  softened  by  the  intermediate  strain.  If  the  values  of 
the  ratios  were  reversed,  then  the  crystal  was  strengthened  by  the 
intermediate  strain. 

In  Fig.  10-11  the  flow  stress  ratio  for  decreased  temperatures 
showed  a  continuous  drop  with  rising  temperature,  but  always 
mainUined  a  value  greater  than  that  of  the  flow  stress  ratio  for 
increased  temperature  ratio.  Thus,  the  as -received  Semi- Elements 
Cryetals  were  always  hardened  by  the  intermediate  high  temperature 
strain..  .In  Fig.  10-10  the  situation  was  more  complicated,  the  tem¬ 
perature  decrease  ratio  also  showed  a  continuous  drop  with  temper¬ 
ature,  but  it  intersected  the  inflected  curve  for  the  temperature 


incre»»«  ratio  at  700^0.  Thus,  cryctalf  annealed  at  2000^*0  were 
•  oftened  by  intermediate  straining  at  temperatures  above  700*’c. 

This  is  also  Illustrated  in  Fig.  10-9>  where  it  can  be  seen  that  0^ 
is  greater  than  0^  tor  intermediate  straining  at  850°C. 

These  results  should  be  compared  with  the  results  of  Section 
3A  where  the  consequences  of  annealing  alone  were  described. 

There  it  was  shown  that  intermediate  annealing  at  temperature 
below  SOO^C  led  to  softening  but  above  600*^0  resulted  in  harden¬ 
ing.  These  observations  raise  the  question  as  to  what  extent  the 
preliminary  anneal  at  ZOOO^C  influenced  the  results  shown  in  Figs. 
10-6,  10-7  and  10-8.  Experiments  in  the  future  will  be  designed  to 
clarify  thia  point,  since  it  obviously  represents  a  most  important 
aspect  of  thermal-mechanical  history  from  the  viewpoint  of  both 
experimental  analysis  and  theoretical  interpretation, 

C.  Etching  Studies 

In  Section  3A  it  was  shown  that  (pre-annealed)  pra-strained 
MgO  crystals  became  stronger  upon  annealing  at  teinperatures 
above  600*'^C  and  that  the  strengthening  was  to  be  associated  with 
the  locking  of  dislocations.  It  is  important  both  from  the  funda¬ 
mental  and  technological  point  of  view  to  understand  the  source  of 
thia  strengthening.  In  this  respect  etch  pit  studies  have  been  most 
stimulating  although  the  observations  and  their  interpretation  remain 
Incomplete  and  somewhat  complicated.  All  etch  pit{ studies  have 
been  conducted  on  the  tension  surface  of  crystals  undergoing  bending 
and  have  been  limited  chiefly  to  the  emergent  screw  dislocations. 

At  the  outset  it  was  clear  that  "fresh*'  and  "locked"  dislocations 
could  be  etched  differently.  "Fresh"  screw  dislocations  were 
sharper,  larger,  more  regular  in  else  and  more  unsymmetrical 
than  "locked"  dislocation  etch  pits.  The  unsymmetry  in  fresh  pits 
arises  from  the  fact  that  screw  dislocations  intersect  the  surface 
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lit  45°.  The  comparieon  may  be  made  directly  in  Fige.  10-5  and 
10-12  where  freeh  dialocatione  and  locked  dialocationa  have  been 
placed  aide  by  aide  in  the  same  crystal. 

In  one  series  of  experiments  crystals  were  prestrained  at 
room  temperature,  annealed,  etched,  reloaded  at  room  tempera¬ 
ture  and  etched  again.  With  this  double  etching  procedure  it  was 
possible  to  determine  to  what  extent  the  original  fresh  dislocations 
were  reactivated  after  they  had  been  annealed.  Fig,  10-13  com¬ 
pares  two  crystals  (a)  annealed  at  600°C  and  (b)  annealed  at  800°C. 

In  the  crystal  annealed  at  600°C  it  was  noted  that:  (a)  the 
etch  pits  were  equally  as  sharp  and  unsymmetrical  as  "fresh" 
screw  dislocations,  (b)  slip  during  the  second  test  continued 
from  most  of  the  slip  band  segments  introduced  in  the  prestraining 
(c)  where  slip  had  continued  the  original  pits  remained  sharp  in¬ 
dicating  that  the  screw  dislocations  were  still  located  in  their 
original  positions. 

In  the  crystal  annealed  at  S00°C  it  was  noted  that:  (a)  the 
etch  pitr  were  no  longer  as  uniform  in  siae,  as  sharp  or  as  un¬ 
symmetrical  as  fresh  dislocations,  (b)  slip  had  continued  from 
only  a  few  of  the  original  slip  band  segmehte.  In  fact,  the  number 
of  reactivated  bands  revealed  by  etching  could  be  correlated  ac¬ 
curately  with  the  number  of  yield  drops  at  the  beginning  of  the 
stress  deflection  curve  in  Fig.  10-7. 

These  observatione  supported  the  proposal  made  earlier 
(Section  3 A)  that  dislocations  in  slip  band  segments  were  only 
weakly  locked  by  ar>  anneal  at  600°C  but  strongly  locked  by  an 
anneal  at  800°C. 

The  change  in  appearance  'of  screw  dislocation  etch  pits 
following  an  anneal  at  800°C  and  higher  was  most  significant  and 
experiments  were  undertaken  to  determine  the  cause.  The  technique 
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consisted  of  placing  fresh  and  "locked"  dislocations  side  by  side 
as  in  Fig,  10-12  and  then  etching  deeper  and  deeper  beneath  the 
crystal  surface  to  map  the  "locked"  dislocation  lines  with  the 
fresh  dislocations  acting  as  markers.  The  conclusion  from  this 
type  of  experiment  was  that  the  "locke^*  dislocations  lay  in  the 
same  {nO}  plane  as  fresh  dislocations  but  their  rate  of  etch¬ 
ing  was  retarded,  thereby  producing  pits  more  symmetrioai  in 
appearance.  This  retardation  could  be  explained  by  assuming 
khat  impurities  had  condensed  onto  the  dislocation  lines  to  lower 
their  core  energy. 

In  a  second  series  of  experiments  crystals  were  prestrained, 
etched,  annealed  and  etched  again.  Again  annealing  at  tempera¬ 
tures  below  600*^C  did  not  affect  the  slip  bands  but  above  this 
temperature  both  the  location  and  density  of  dislocations  was 
changed.  This  is  illustrated  in  Fig.  10-14  following  an  anneal  at 
1200^C,  where  the  lines  of  flat  bottomed  pits  indicated  that  most 
of  the  dislocations  had  left  their  original  position  in  the  crystal, 
The  small  sharp  pits  within  these  lines  represented  the  new  loca¬ 
tion  of  the  Remaining  locked  dislocations. 

We  tentatively  conclude  on  the  basis  of  these  etch  pit  studies 
that  the  effect  of  annealing  was  two-fold:  first,  many  of  the  dislo¬ 
cations  disappeared  through  climb  and  annihilation  and  second, 
those  that  remained  had  an  associated  impurity  environment. 

It  is  interesting  to  note  that  Groves  and  Kelly^^^~^^  have  re¬ 
cently  applied  the  electron  transmission  thin  film  technique  to  a 
study  of  the  effects  of  annealing  on  dislocation  loops  in  magneisum 
oxide.  Their  technique  limits  their  study  chiefly  to  the  behavior 
of  edge  dislocation  components.  These  authors  show  that  the  edge 
dislocation  dipoles  left  behind  dislocations  as  they  move  over  slip 
planes  at  room  temperature^^®"®'  bi'eak  up  into  a  series  of 

closed  loops  once  the  annealing  temperature  exceeds  700-800°C. 
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Fig.  10-12  APPEARANCE 
(a)  WHEN  FRE 
1200°C  FOR  1  I 


AND  (b)  AFTER  AN  ANNEAL  AT 
R  (X500) 
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Fig-  10-13  THE  REACTIVATION  OF  SHORT  SLIP  BAND  SEGMENTS 

FOLLOWING  AN  ANNEAL  (a)  at  600°C,  (b)  at  600°C  (X250) 

Note;  Difference  in  appearance  of  large  pits  between  (a)  and  (b). 
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Such  a  chang*  in  dialocation  atructure  would  also  b«  expeOted  to 
contributa  to  the  hardening  obaarvod  after  an  anneal. 

Finallyi  etch  pit  tachniquaa  were  uaed  to  monitor  the  high 
temperature  teata.  While  a  detailed  analyaia  waa  not  completed 
there  were  aome  intereating  preliminary  obaervationa;  aa  followa: 

The  dialocation  diatribution  in  alip  banda  produced  at  high 
temperaturea  waa  very  different  from  that  at  room  temperature. 

Fig.  10-15  ahowa  an  example  of  alip  at  600°C.  The  denaity  of 
dialocationa  remaining  in  the  alip  banda  waa  leaa  than  at  room 
temperature,  but  there  waa  a  higher  denaity  of  non-linear  defacta 
(identified  by  ahallow  bottomed  pita)  produced  in  the  wake  of  dia¬ 
locationa. 

When  preatrained  cryatala  ware  deformed  at  temperaturea 
up  to  500°C,  the  dialocationa  produced  during  the  deformation  at 
room  temperature  continued  to  move  and  contribute  to  the  plaatic 
deformation  at  the  high  temperature.  The  atreaa- deflection  curvaa 
under  thaae  condltiona  were  amooth  (Section  3B).  When  preatrained 
cryatala  were  deformed  above  TOOOC  only  a  few  of  the  room  temper¬ 
ature  dialocationa  contributed  to  the  high  temperature  plaatic  defor- 
noation.  The  atreaa  deflection  curvea  under  theae  condltiona  were 
Jerky  (Section  3B). 

From  theae  obaervationa  it  waa  concluded  that  the  Jerky  flow 
exhibited  at  high  temperaturea  (aae  for  example  Fig.  10-9)  waa 
again  due  to  a  dialocation  locking  phenomenon.  It  waa  tempting 
to  conjecture  that  a  aimilar  nnechaalam  waa  reaponaible  for  both 
dialocation  locking  during  annealing  and  du/^eing  high  temperature 
deformation  eapecially  aince  the  tranaition  in  mechanical  behavior 
in  both  inatancea  occurred  in  the  aame  temperature  range. 

5.  DISCUSSION  AND  CONCLUSIONS 

The  work  deacribed  in  the  preceding  aectiona  may  be  aum- 
mariced  briefly  aa  followa: 
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Fig.  10-14.  EFFECT  OF  ANNEALING  ON  DENSITY  AND  DISTRIBUTION 
OF  DISLOCATIONS.  CRYSTAL-ETCHED  BEFORE  AND 
AFTER  2-HOURS'  ANNEAL  AT  1200°C  (X500) 


Fig.  10-15  SLIP  BANDS  PRODUCED  IN  AS-RECEIVED  MgO  CRYSTAL 
AT  600^  ^350) 

Note  the  trail  of  flat-bottomed  defects  left  behind  the 
dislocations. 
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(1)  "Grown-in"  dialocationi  in  aa- received  magnelium  oxide 
crystal*  are  locked  very  strongly  and  specimens  may  be  subjected 
to  extremely  high  stresses  (SO.  000  to  80,  000  psi  in  tension)  with¬ 
out  yielding.  When  crystal*  are  annealed  at  2000°C  the  grown-in 
dislocations  seem  to  be  locked  even  more  strongly  since  one  spec¬ 
imen  has  supported  a  tensile  stress  of  110,  000  psi  without  yielding. 
It  is  not  presently  clear  to  what  extent  heat  treatment  affects  this 
behavior. 

(2)  Heat  treatment  does  have  an  affect  on  the  etching  behavior 
of  as- received  crystals.  An  anneal  at  2000*^C  eliminates  the  back¬ 
ground  of  shallow  flat-bottomed  pits  usually  present  and  presuma¬ 
bly  due  to  clusters  of  point  defects. 

(3)  Crystals  which  have  been  given  a  preliminary  anneal  at 
ZOOO^C  and  then  sprinkled  to  introduce  a  few  fresh  surface  dis¬ 
location  sources  normally  yield  around  10,  000  psi.  After  a  fur¬ 
ther  anneal  at  temperatures  above  SOO^C  the  fresh  dislccatiGns 
become  locked  and  the  crystal  hardens.  The  effectiveness  of  the 
looking  increases  as  the  temperature  is  raised  and  as  the  time  at 
temperatures  above  1000*^0  is  lengthened. 

(4)  Crystals  which  have  been  given  a  preliminary  anneal  at 
ZOOO^C,  .sprinkled  and  preloaded  at  room  temperature  show  a  min- 
‘imum  and  a  maximum  in  their  strength  vs.  temperature.  The  min¬ 
imum  occurs  at  300^C  and  the  maximum  at  850^C. 

i5)  Crystals  in  the  as-received  condition,  sprinkled  and  pre- 
loaded  at  room  temperature  show  a  continuous  decline  in  strength 
with  an  increase  in  temperature. 

(6)  May  and  Kronberg^^®"^^  showed  that  crystals  quenched 
from  lOOO^C  also  exhibited  a  minimum  and  maximum  in  strength, 
whereas  crystals  slowly  c.ooled  fronx  1000°C  exhib,ited  a  continuous 
decline  in  strength  with  temperature. 
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(7)  Both  ai-recelved  and  pre"annealed  (Z000°C)  cryatal* 

•how  a  change  In  yielding  behavior  when  the  test  temperature  is 
raised  above  600°C.  The  curvep  become  Jerky  and  yield  points 
develop. 

(8)  As-received  crystals  are  softened  by  a  high  temperature 
prestrain.  Crystals  pre-annealed  at  ZOOO^C  are  hardened  by  a 
high  temperature  prestrain  when  the  temperature  exceeds  600°C 

(9)  Etch  pits  due  to  fresh  dislocations  are  sharp  and  uniform 
in  sise  and  remain  so  following  anneals  at  temperatures  up  to 
600°C.  Above  700°C  the  etch  pits  become  less  sharp  and  non- 
uniform  in  sise  due  to  a  change  in  their  etching  rate.  In  addition, 
above  800°C  many  dislocations  are  annihilated  by  annealing. 

At  this  time  there  is  no  simple  mechanism  which  can  account 
for  all  of  these  effects;  indeed  it  seems  likely  that  a  number  of 
different  yet  interdependent  processes  must  be  involved.  One 
such  process  is  that  proposed  by  May  and  Kronberg^^^**^^  con¬ 
cerning  the  solution  and  precipitation  of  impurities  in  magnesium 
oxide.  These  authors  suggested  that  impurities  go  into  solution 
at  temperatures  around  850  to  lOOO^C  and  precipitate  Out  below 
this  temperature  range.  The  minimum  in  the  strength  versus  tem¬ 
perature  curve  in  Fig.  10-10  is  then  attributed  to  the  fact  that  im¬ 
purities  retained  in  solution  following  the  quench  from  1000°C 
•tart  to  precipitate  out  at  500°C.  This  leads  to  hardening  which 
becomes  more  pronounced  until  the  maximum  at  850*^0  where 
they  return  into  solution  again.  Unfortunately  this  solution  and 
precipitation  process  alone  cannot  account  for  the  increased  room 
temperature  strength  Of  annealed  crystals  when  the  annealthg  tem¬ 
perature  exceeds  lOOO^C  (Fig.  10-6).  It  is  possible  that  above 
lOOO^C  a  second  hardening  process  involving  dislocation  rearrange¬ 
ment  by  annihilation  or  climb,  of  the  kind  observed  by  Groves  and 
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may  b«com«  more  •ignilicant.  Further  experiment* 
are  neceieary  before  any  more  definite  concluaion*  can  be  drawn 
with  regard  to  the  proce**ea  occurring. 

In  concluiion,  thiij  work  ha*  ehown  that  the  mechanical  atrength 
and  ductility  of  magneaium  oxide  aingle  cryatala  and,  aa  recent 
work  in  our  laboratory  on  another  project  haa  ahown,  bicryatala 
i*  atrictly  determined  by  the  availability  and  operation  of  dialoca- 
tion  aource*.  When  dialocation  aourcea  are  atrongly  locked,  bi¬ 
cryatala  are  extremely  atrong  aa  ahown  in  Fig.  10-1,  but  ahould 
any  alip  occur  in  the  vicinity  of  the  boundary  a  crack  immediately 
nucleatea  to  fracture  the  apecimen.  One  way  to  prevent  thia  ia  to 
lock  the  alip  aourcea  by  annealing.  However,  aa  the  work  deacrlbed 
here  haa  ahown,  ireah  dialocation  aourcea  may  be  eaaily  reintro¬ 
duced  by  the  alighteat  mechanical  contact  to  the  aubaequent  detri¬ 
ment  of  the  mechanical  atrength.  Thia  poaea  an  intereating  prob¬ 
lem  for  future  conaideration  aince  it  ia  obvioualy  very  Important 
to  learn  how  to  prevent  freah  dialocationa  either  getting  into  or 
moving  through  cryatala. 


6.  CONTRIBUTING  PERSONNEL 
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TASK  11  -  SURFACE  ACTIVE  ENVIRONMENTS 


Principal  Inveatigator:  G,  T.  Murray 

Material!  Research  Corporation 


ABSTRAC  T 


The  prime  objective  of  this  Task  of  the  program  was  to  ex¬ 
plore  the  embrittling  effect  of  various  environments  upon  the  mechan¬ 
ical  behavior  of  MgO  single  crystals.  Extremely  careful  specimen 
preparation  techniques  were  employed  to  avoid  masking  of  the  surface 
effects  by  extraneously  induced  conditions.  Environments  included 
the  principal  constituents  of  the  atmosphere  N,  i  CO,  and  H-O) 
as  well  as  A  (used  for  control  purposes). 

Experiments  were  conducted  at  temperatures  up  to  600*C. 

Even  after  lengthy  exposures  at  various  temperatures,  none  of  the 
environments  were  found  to  embrittle  the  MgO  crystal,  in  contradiction 
to  results  previously  reported  in  the  literature.  The  only  exception  to 
this  statement  occurred  for  specimens  exposed  to  air  at  600*  C  for 
160  hrs,  or  those  exposed  to  steam  at  350*  C  for  4.5  hrs.  However, 
even  these  effects  appear  ascribable  to  the  embrittling  effect  of  surface 
precipitates  formed,  rather  than  to  diffusion  of  gases  into  the  host 
lattice. 


TASK  11  -  SURFACE  ACTIVE  ENVIRONMENTS 


1.  INTRODUCTION 

It  ii  widely  recognized  that  certain  non-metallic  crystals,  in 
particular  those  possessing  ionic  binding,  exhibit  considerable  plastic 
flow  prior  to  fracture.  The  extent  of  this  plasticity  is  strongly  depen¬ 
dent  on  Surface  condition  and  environment.  For  example,  in  the  case 
of  NmCl,  the  most  extensively  investigated  non-metallic  material,  em¬ 
brittlement  has  been  attributed  to  surface  flaws,  e.  g, ,  cleavage  defects, 
residues,  surface  compound  formation,  rind  dissolved  solutes  ' 

For  crystals  free  of  surface  flaws  and  residues  it  has  been  demonstrated 
(11-1)  embrittlenient  incurred  by  short  exposures  to  the  ambient 

atmosphere  is  a  result  of  the  formation  of  a  thin  coherent  NaClO^  sur¬ 
face  layer.  The  situation  with  respect  to  atmospheric  embrittlement  of 
MgO  crystals  is  not  so  well  defined.  Several  investigators 
have  reported  that  MgO  crystals  exhibit  a  significant  loss  in  ductility  on 
exposure  to  the  ambient  atmosphere,  whereas  other  evidence 
could  be  found  that  refuted  this  point. 

The  present  work  was  undertaken  with  the  prime  objective  to 
investigate  and  understand  the  relation  between  surface  treatment  and 
ductility  in  MgO  crystals,  and  the  effect  that  various  environments 
may  have  in  modifying  this  relationship  at  various  temperatures. 

2,  EXPERIMENTAL  PROCEDURE 

It  became  apparent  early  in  the  work  that  the  sur4kce  preparation 
prior  to  exposure  of  the  crystals  to  the  gaseous  media  in  question  was 
all-important,  and  that  variations  in  preparation  might  well  account 
for  some  of  the  contradictions  reported  in  the  literature,  Several 
factors  of  importance  tlvat  have  evolved  during  the  course  of  this  work 
and  that  of  others  are  listed  as  follows; 
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(a)  Cleavage  cracks  or  steps  can  lead  to  an 
early  fracture. 

(b)  Dislocation  sources  introduced  during 
cleaving  can  promote  ductility  by  decreas¬ 
ing  the  slip  band  spacing. 

(c)  Chemical  polishing  can  remove  cleavage 
effects  but,  as  will  be  demonstrated  later, 
surface  residues,  which  often  remain  after 
normal  chemical  polishing  operations,  can 
lead  to  embrittlement. 

(d)  Extensive  surface  removal  by  chemical 
polishing  can  strengthen  and  reduce  the 
plastic  strain  prior  to  fracture  through 
the  elimination  of  surface  sources. 


..  In  order  to  examine  the  effect  of  a  certain  gaseous  atmosphere 
on  the  ductility  of  the  material  it  is  necessary  to  eliminate  the  above 
embrittling  or  ductilixing  effects.  This  can  be  done  by  testing  a  care¬ 
fully  chemically  polished  crystal  after  exposure  to  the  gas  of  interest 
and  compare  the  resvilt  to  that  obtained  on  a  control  specimen. 

Early  in  the  work  specimens  Were  prepared  by  cleaving  and 
subsequent  Chemical  polishing  operations.  These  specimens  yielded 
an  average  outer  fiber  strain  at  fracture  in  slow  bend  tests  at  room 
temperature  of  about  3%.  However,  there  existed  a  large  scatter  in 
the  results,  presumably  from  the  non-uniform  distribution  of  surface 
sources  that  remained  after  polishing.  The  specimen  preparation  proce  - 
dure  that  was  finally  evolved  (suggested  by  the  findings  of  Stokes 
and  used  for  all  data  reported  herein  (except  where  noted),  consisted 
of  the  following  steps . 

(a)  Cleave  as -received  Semi -Element  crystal 
blocks} 

(b)  Chemical  polish  in  hot  H.PO^  to  remove  cleav¬ 
age  defects  (consists  of  Z  min.  dissolution  in 
H,PO^,  boiling  H-O  rinse,  alcohol  rinse  and 
d/y  ai>  steam )} 

(c)  Sprinkle  with  150  mesh  carborundum  powder 
to  introduce  a  uniform  surface  distribution  of 
dislocation  sources; 
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(d)  Preetraln  plaitlcally  (in  bending)  to  approx¬ 
imately  0, 1%  to  expand  the  aurface  loops: 

(e)  Chemical  polish  again  to  remote  possible 
surface  cracks  resulting  from  the  sprinkling 
operation. 

After  the  above  treatment,  some  specimens  were  tested  in 

three  point  bending  (at  various  temperatures)  as  controls,  others 

were  exposed  to  various  gaseous  media  and  subsequently  tested  in 

an  identical  manner.  Test  temperatures  at  350*  C  and  below  were 

attained  With  an  oil  bath.  Above  350*  C  the  specimens  were  heated 

in  air  with  a  radiant  energy  focusing  heat  lamp.  Except  where  noted, 

all  tests  were  conducted  on  a  hard,  continuous  recording,  constant 
*-‘3 

(approximately  10  per  min.  on  outer  fiber)  strain  rate  machine. 
Specimen  dimensions  were  in  the  order  of  0.  085"  x  0. 100"  x  0.  650" 
gage  length.  For  preliminary  survey  work  in  minimum  of  four  spec¬ 
imens  were  tested  for  each  surface  condition  studied.  When  an  effect 
was  found  that  was  believed  to  be  significant  a  minimum  of  eight 
specimens  were  employed  to  obtain  the  average  result  reported  (outer 
fiber  strain  is  reported  in  all  cases). 

3.  RESULTS  AND  DISCUSSION 

A.  Control  Specimens 

Typical  stress -deflection  curves  for  specimens  prepared  by 
the  carborundum  sprinkling  technique  are  shown  in  Fig.  11-1.  These 
curves  are  characterised  by  a  smooihi  and  nearly  horlsontal  plastic 
region.  Tests  on  as-cleaved  and  cleaved  chemically  polished  specimens 
showed  more  Irregular  curves  and  larger  variations  in  fracture  strain 
values . 

B.  Room  Temperature  Gaseous  Exposure 

(a)  Ambient  Air,  ,  N2  CO2  and  Argon 
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Table  11-1 


ROOM  TEMPERATURE  GASEOUS  EXPOSURE 


Atmoephere 

Exposure 
Tim  hr 

1 '  "  - - 

Test 

Temp,  ’C 

No.  of 
Specimens 

Average 
Strain  % 

Standard 
Deviation 
%  Strain 

Controls 

0 

25 

12 

2.8 

1.2 

Ambient  Air 

42 

•  25 

4 

3.8 

0.8 

212 

25 

4 

2.6 

1.7 

Argon 

(controls) 

112-188 

240 

7 

5.5 

1.8 

Nitrogen 

89-165 

240 

7 

5.2 

2.5 

Oxygen 

117-215 

240 

7 

7.2 

2.3 

Controls 

0 

4C0 

■'2 

10.2 

Ambient  Air 

14^139 

400 

7 

10.0 

2.3 
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The  reiulte  obtained  on  epecimeni  exposed  for  lengthy  periods 
to  these  gases  and  then  tested  at  various  temperatures  are  compared 
to  control  specimen  data  in  Table  11-1.  Since  the  N2;  and  A 
studies  were  conducted  early  in  the  work  these  specimens  were  pre¬ 
pared  by  cleaving  and  chemical  polishing  Norton  material.  Except 
for  the  ambient  air  and  control  specimen  tests,  all  specimens  were 
wrapped  in  lense  tissue  and  carefully  encapsulated  in  approximately 
one  atmosphere  pressure  of  purified  reagent  grade  gases.  After 
the  exposure  period  tlMJ  specimens  were  removed  from  the  capsule  with 
extreme  care  in  order  to  prevent  the  introduction  of  fresh  dislocation 
sources  into  the  surface.  It  can  be  seen  that  none  of  these  gases 
embrittled  the  MgO  crystals  at  room  temperature.  The  stress- 
deflection  curves  did  not  differ  from  those  obtained  on  control  spec¬ 
imens.  Microscopic  examination  of  the  air,(02  ,  N2  ,  A,  and  CO2  ) 
exposed  specimen  surfaces  showed  them  to  be  completely  free  of 
residue  or  compound  formation.  The  CO2  exposed  specimens  were 
of  particular  Interest  since  tabulated  data  showed  (see  Fig,  11-2) 
that  MgCO^  could  form  at  room  temperature.  However,  this  figure 
does  not  consider  the  rate  of  reaction,  and  one  must  conclude  that 
longer  aging  period  are  required  for  MgCO^  residue  formation, 

C.  Moisture 

Although  air  exposure  did  not  show  embrittlement,  it  is  con¬ 
ceivable  that  embrittling  ingredients  other  than  O2  and  N2  present 
in  the  air  may  contribute  a  loss  of  ductility.  One  has  particular 
reason  to  suspect  the  moisture  content  of  the  atmosphere  since 
calculations  from  thermochemical  data  show  (Fig.  11-3)  that  the 
reaction 

MgO  +  H2O  -a  Mg(OH)2 

should  proceed  at  room  temperature  at  slight  pressures  of  water 
vapor . 


( 

( 
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Fig.  11-2  EQUILIBRIUM  CONDITIONS  FOR  MgCOj  REACTION 
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Fig.  li-3  EQUILIBRIUM  CONDITIONS  FOR  MgCOH)^  REACTION 
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Specimens  were  exposed  to  saturated  air  in  an  air  tight  container 
for  periods  varying  from  1  to  14  days  while  a  set  of  control  specimens 
were  exposed  to  dry  air  in  a  dessicator.  A  third  set  of  specimens 
was  exposed  for  4.5  hours  to  steam  100''C)  by  placing  them  near 
the  orifice  of  a  boiling  water  container. 

After  about  4  days  exposure  to  the  saturated  air  one  could 
begin  to  detect  the  formation  of  a  surface  precipitate  by  micro¬ 
scopic  examination.  This  precipitate  was  quite  profuse  after  a 
l4-day  exposure,  as  shown  in  Fig.  11-4.  The  precipitate  was  even 
more  marked  after  the  steam  exposure  (Fig.  11-5).  Precipitate 
formation  could  not  be  detected  on  the  control  specimens  after  the 
14-day  exposure. 

The  average  values  (  4  to  8  specimens  tested)  of  the  strain 
at  fracture  at  various  temperatures  for  each  surface  condition  are 
shown  in  Fig.  11-6.  The  350*  C  test  data  show  a  definite  embrittle¬ 
ment  for  the  steam  treated  specimens  (  the  scatter  in  the  data 
was  the  order  of  ±  1.5%  strain).  Thelower  temperature  measure¬ 
ments,  however,  do  not  show  significant  effects.  One  would  sus¬ 
pect  that  the  presence  of  a  surface  compound  would  shift  the  transi¬ 
tion  temperature  upward  and  thus  the  embrittlement  effect  should 
dhow  up  at  room  temperature.  However.,  a  sharp  transition  is 
usually  not  observed  in  slow  bend  tests  on  ionic  crystals 
and  this  may  tend  to  mask  the  effect  at  small  strains.  An  alternate 
explanation  is  that  the  time  at  the  350*  C  test  temperature  could 
alter  t!ie  adherency  and/or  structure  of  the  surface  precipitate  so 
as  to  enhance  the  embrittlement.  It  is  planned  to  check  tihls  possi¬ 
bility  by  heating  steam  exposed  specimens  for  a  short  period  at 
350*  C  and  subsequently  testing  these  at  room  temperature. 

The  mechanism  of  this  embrittlement  has  not  been  determined 
as  yet.  The  stress ^deflecti.on  curves  for  the  steam  specimens  were 
no  different  in  form  from  those  aged  in  dry  air,  showing  similar  yield 
stresses  but  correspondingly  lower  fracture  stresses  than  the  latter. 
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rig.  11-4  PRECIPITATE  ON  MgO  CRYSTAL  AFTER  14 
DAYS  EXPOSURE  TO  WATER-SATURATED 
AIR  Mmg.  X125 


Fig,  11-5  PRECIPITATE  ON  MgO  CRYSTAL  AFTER 
4.  5  HR.  EXPOSURE  TO  STEAM  Mag.  X50 
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STRAIN  m  OUTER  FIBER 


D  320  HR  EXPOSURE  TO  DRY  AIR. 


TEMPERATURE,  ‘C 

Fig.  11-6  FFFECT  OF  MOISTURE  ON  DlJCTILITY  OF  MgO  SINGLE  CRYSTALS 


Specimens  exposed  to  water -saturated  air  were  also  tested 
at  350*C!  however,  this  set  of  specimens  exhibited  an  etch  pit  pattern 
(Fig.  11-7)  on  the  bottom  side  that  rested  on  a  piece  of  filter  paper. 
Apparently  the  continuous  contact  with  water-soaked  filter  paper 
permitted  a  slow  dissolution  and  concomittant  etching  of  the  disloca¬ 
tions  that  had  been  introduced  by  the  pre-straining  operation.  (The 
watef-saturated  air  exposed  specimens  used  at  the  25  and240*C  test 
temperatures  did  not  show  this  pattern,  the  difference  presumably 
due  to  the  placing  of  these  specimens  on  lense  tisSue  or  other  paper.) 

It  was  found  that  when  this  etch  pit  pattern  was  on  the  tensile  side 
during  the  350*  C  bend  test  the  specimens  were  relatively  brittle. 
However,  when  the  pattern  was  on  the  compression  side,  the  speci¬ 
mens  were  as  ductile  as  the  dry  air  aged  specimens  (the  remaining 
three  specimen  sides  showed  the  usual  precipitate  shown  in  Fig.  11-4). 
These  results  are  summarised  in  Table  11-11.  The  stress -deflection 
curves  for  the  dry  air  aged  and  the  brittle  tension  side -etched  Spec¬ 
imens  showed  no  difference  in  form  other  than  that  the  tension  side 
etched  specimens  exhibited  a  reduced  strain  at  fracture  and  a 
correspondingly  lower  fracture  stress  (note  the  average  stress  values 
in  Table  ll-U).  This  leads  one  to  suspect  that  the  high  dislocation 
density  slip  bands  have  been  etched  in  such  a  manner  as  to  form  a 
notch,  which  gives  rise  to  premature  failure.  Further  experimenta¬ 
tion  is  needed  to  clearly  understand  this  phenomenon. 

D.  Elevated  Temperature  Gaseous  Exposure 

Specimens  prepared  in  the  usuftl  manner  were  exposed  to  CO^ 
(encapsulated)  and  air  for  44  hours  at  2'50*  C  and  subsequently  tested 
at  room  temperature.  These  specimens  were  supported  in  a  jig 
such  that  only  the  ends  came  into  contact  witti  foreign  objects.  The 
results  of  these  tests  are  summarized  in  Table  11 -III.  All  specimens 
exhibited  the  same  stress -deflection  behavior  and  strain  at  fracture 
values  commonly  found  for  control  specimens.  No  evidence  of 
surface  precipitate  could  be  foimd. 


-  459  - 


Fill.  11-7  ETCK  FIT  PATTERN  ON  M|0  CfcYSTAL  AFtER  U  DAYS 
CONTACt  WITH  WATER-SOAKED  FILTER  PAPER 


Xi50 
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Table  11 -III 


CO^  AND  AIR  EXPOSURE  AT  250*C 


Atmosphere 

£xposu2-e 

Test  Temperature, 

Average  Strain, 

Time,  hr 

*C 

%  5  spec. 

CO2 

44 

25 

3.8 

Ambient  Air 

44 

25 

3.8 

In  view  of  the  lack  of  embrittlement  by  variouf  gaseous  media 
on  polished  crystals  it  was  decided  to  investigate  the  combination  of 
surface  defects  and  gaseous  exposure.  Cleaved  and  cleaved  plus 
carborundum  sprinkled  surfaces  Were  selected  for  initial  exploration 
since  these  types  of  surface  damage  should  be  fairly  reproducible 
from  specimen  to  specimen.  Since  these  specimens  were  quite 
brittle  prior  to  gaseous  esf^osure,  eight  specimens  were  tested  for 
each  condition  examined.  The  results  are  listed  in  Table  ll-lV. 

It  can  bo  seen  that  the  250*  C  air  exposure  showed  an  embrittlement 
only  for  the  230  mesh  sprinkled  specimens.  The  150  tnesh  powder 
sprinkle  reduced  the  ductility  of  the  cleaved  specimens,  probably 
through  the  introduction  of  small  cracks.  The  250  mesh  sprinkle 
enhance  the  ductility  by  introduction  of  surface  sources,  with  less 
likelihood  of  crack  formation.  An  air  embrittlement  effect  in  both 
the  cleaved  and  150  mesh  sprinkled  specimens  could  be  masked  by 
their  low  initial  ductility.  An  interesting  feature  of  this  data  is  that 
both  the  sprinkling  operation  and  the  250*  C  anneal  reduced  the  yield 
and  fracture  stresses  of  the  as-cleaved  samples. 

Pulliam,  ^  ^  reported  that  air,  Ojj  and  CO^  embrittled 
crystals  when  exposure  took  place  at  1000*C.  In  view  of  the  absence 
of  air  embrittlement  on  polished  specimens  at  250*  C  in  the  present 
work  it  was  decided  to  age  at  higher  temperatures  but  to  limit  the 
exposure  temperature  to  600*  C  in  order  to  avoid  the  800*  C 
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of  a  series  of  room  temperature  tests  after  various  air  aging  periods 
at  600*C  are  shown  in  Fig.  11-S  (  8  specimens  averaged  for  the  160 
hr.  point - 4  specimens  for  each  of  the  other  points).  These  spec¬ 

imens  showed  a  marked  embrittlement  after  a  l60-hr.  exposure. 

In  order  to  determine  if  this  were  a  surface  or  volume  embrittle¬ 
ment,  another  series  of  specimens  were  exposed  for  160  hr.  at 
60G*  C  and  then  tested  after  a  small  amount  of  the  surface  was  re¬ 
moved  by  a  chemical  polish.  These  results  are  listed  in  Table  11-V. 
The  average  ductility  increased  as  surface  was  removed  indicating 
the  embrittlement  was  primarily  in  the  surface  layers.  The  surfaces 
were  examined  microscopically  after  the  l60-hr.  exposure  and  found 
to  contain  a  high  density  of  small  dark  spots  (Fig.  11-9).  However, 
it  is  doubtful  if  the  embrittlement  is  a  result  of  Surface  compound 
formation  since  then  the  ductility  should  be  completely  restored  after 
only  a  slight  chemical  polish,  and  such  was  not  observed.  Further¬ 
more,  a  comparison  of  the  stress -deflection  curves  (Fig.  11-10)  if 
control,  air  aged,  and  air  aged  plus  surface  removal  specimens  show 
that  dislocation  pinning  may  be  invblved.  Although  no  sharp  yield 
points  were  observed,  the  aged  specimens  showed  more  irregular 
behavior  and  higher  yield  stresses  than  the  control  specimens. 
Experiments  are  now  in  progress  to  determine  (a)  if  aged  dislocations 
can  be  distinguished  from  fresh  ones  by  the  etching  technique  of 
Stokes  and  ^tj)  if  embrittlement  occurs  after  long  aging  periods 

in  an  inert  gas . 

E.  Extraneous  Effects 

During  the  course  of  this  study  it  was  found  that  the  specimen 
properties  were  extremely  sensitive  to  handling  procedures.  In  one 
case  the  cause  of  the  observed  embrittlement  was  traced  to  the  pre¬ 
sence  of  a  surface  residue  that  remained  after  the  chemical  polish; 
in  another  case  to  surface  cracks  on  the  specimen  corners  that 
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occurred  by  merely  lightly  touching  the  epecimen  to  pyrex  glase. 
Theee  two  typee  oX  embrittlement  were  examined  more  extensively 
and  are  described  in  the  following, 

a.  Effect  of  Surface  Residue 

It  was  found  that  minute  spots  of  residue  often  remained  on 
the  surface  of  some  specimens  after  the  normal  chemical  polish 
(Fig.  1 1-1 1),  It  could  also  intentlally  be  formed  by  holding  the 
specimen  a  few  seconds  in  air  between  tho  H^PO^  and  H2,0  baths, 
or  by  immersion  in  a  H^PO^  solution  nearly  saturated  With  MgO. 

This  surface  residue  was  removed  (by  scraping  lightly  with  a  razor 
blade)  from  several  specimens  and  examined  by  X-ray  diffraction. 
Two  such  powder  specimens  exhibited  only  MgO  lines;  however,  one 
pattern  showed  numerous  other  lines  that  are  believed  to  result 
from  one  or  more  phosphate  compounds.  It  is  believed  that  the 
residue  usua.lly  consists  of  re-deposited  MgO. 

One  group  of  specimens  >vas  allowed  to  tffTtn  residue  by  air 
exposure  after  the  H^PO^  bath,  while  another  group  was  cleanly 
polished.  The  average  values  (four  specimens  for  each  condition) 
of  the  outer  fiber  strain  obtained  at  fracture  at  two  test  temperatures 
are  shown  in  Fig.  11-12.  (These  specimens  were  initially  prepared 
according  to  the  early  cleave-chemical  polish  procedure.)  The 
embrittlement  by  tho  residue  is  quite  evident  at  the  400*C  tost 
temperature. 

In  an  attempt  to  ascertain  the  mechanism  of  embrittlement 
by  this  surface  residue,  specimens  were  immersed  in  hot  MgO- 
saturated  H^PO^  which  created  a  total  surface  coverage  of  residue. 
The  specimens  were  then  polished  on  each  end  in  hot  clean  H.^PO^ 
bath  to  leave  a  thin  residue  pattern  near  the  specimen  center,  and 
placed  in  a  three  point  Jig  such  that  the  residue  band  was  approx¬ 
imately  1. 5  mm  from  the  point  of  maximum  bend.  The  jib  was 
placed  on  a  microscope  such  that  the  tension  surface  could  be 
viewed  during  the  bending  process.  Approximately  50%  of  these 
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Fig.  11-8  EFFECT  OF  AGENG  AT  600* C  ON  DUCTILITY  OF  MgO  SINGLE 

CRYSTA1.S 


Table  11 -V 


EFFECT  OF  SURFACE  REMOVAL  AFTER  AIR-AGING  AT  600*C 


Treatment 

Average 
Strain,  % 
of  8  epee. 

Standard 

Deviation, 

%  Strain 

Average  resolved 
yield  strees, 
g/mm^ 

Aged  in  air 

160  hr  at  600*  C 

none  removed 

0.9 

0.8 

i 

8,900 

Aged  160  hr, 

■  urface  removed 

to  0.  0025  in.  depth 

1.6 

1 

1.3 

If  < 

8,600 

Aged  160  hr, 

■urface  removed 

to  0,  005  in.  depth 

2.1 

* 

0.8 

7,  650 
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rig.  11-9  SURFACE  OF  MgO  CRYSTAL  AFTER  AIR-AGING 
160  HR  AT  600* C  X500 
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0peclnienB  broke  at  or  near  the  edge  of  the  precipitate  neareet  the 
point  of  maximum  bend.  In  all  luch  caaes  alip  banda  could  firat 
be  aeen  at  the  point  of  maximum  bend  and  theae  grew  in  number 
apreading  toward  the  reaidue  region.  It  appeared  that  fracture 
occurred  ahortly  after  the  firat  alip  banda  inter bocted  the  reaidue. 

Some  of  the  other  apeclmena  broke  at  the  point  of  maximum  bend 
while  a  few  broke  at  polnta  not  related  to  either  the  reaidue  or 
maximum  bend  regiona.  The  poaaibility  that  reaidue  acta  aa  a 
notch  ia  being  conaidered  and  further  experimanta  have  been  planned. 

b.  Pyrex  Glaaa  Contact 

In  elevated  temperature  experimenta  apeclmena  were  encapsulated 
unprotected  with  a  minimum  of  apeclmen  movement  during  encapaula- 
tion.  When  control  apeclmena  ahowed  embrittlement^  it  wma  decided 
to  determine  the  extent  of  a  poaiible  glaaa  reaction  or  handling  defecta. 
It  waa  found  that  cracka  co\xld  be  introduced  into  the  apecimen  corner  a 
by  aliding  the  apecimen  through  a  abort  aegment  of  pyrex  tubing  or 
by  merely  allowing  one  end  of  the  apecimen  to  fall  onto  the  pyrex  from 
a  diatanee  of  the  order  of  5  mm.  An  example  of  theie  cracka  are 
ahown  in  Fig.  11-13.  Some  cracka  were  microacopically  viaible 
without  the  aid  of  an  acid  etchant,  but  it  waa  neceaaary  to  etch  to 
(how  all  exiating  cracka. 

4.  CONCLUSIONS 

The  effect  of  varioua  atructure-aenaitive  parametera  ia  moat 
readily  revealed  by  ductility  meaaurementa  near  the  brittle -ductile 

tranaition  temperature.  For  MgO  cryatala  teated  at  alow  (train  ratea 

•■3 

('^lO"  /min.  in  bending)  thia  tranaition  la  in  the  vicinity  of  room 
temperature.  (Faater  atrain  ratea  would  elevate  the  tranaition 
temperature  but  would  probably  reduce  the  extent  of  the  effect  and 
thua  the  aenaitivlty  of  detection.) 
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rig.  n  -  U  RESIDUE  FORMED  ON  MgO  CRYSTAL  FOLLOWING 
CHEMICAL  POLISH  X600 
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FBER  STRAIN  AT 


rig.  11-12  KrrECT  or  RESIDUE  FORMED  ON  MfO  CRYSTAL 
AFTER  CliEMICAL  POLISHINO 
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Fig.  11-13  CRACKS  ON  EDOK  OF  KfgO  CRYSTAL  AFTER  CONTACT 
WITH  PYREX  TUBE  XWO 
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The  data  have  conclusively  demonstrated  that,  for  these  test 
conditions,  the  common  constituents  of  the  ambient  atmosphere 
(©2,  N2,  H2)  and  CO2)  do  not  embrittle  carefully  polished  MgO 
crystals,  even  after  lengthy  escposures.  These  findings  are  in  dis¬ 
agreement  with  some  of  those  reported  in  the  literature,  and  it  is 
l>®lieved  that  this  variance  can  be  attributed  to  differences  in  surface 
preparation  prior  to  exposure.  In  general,  the  more  ixiherently 
brittle  a  material,  Ae  more  sensitive  it  is  to  surface  notches  and 
contamination.  This  was  confirmed  by  the  extreme  care  found  to 
be  necessary  in  the  present  work  for  specimen  preparation.  Thus, 
it  was  found  that  surface  residues  and  cracks  introduced  by  light 
contact  with  foreign  objects  could  cause  embrittlement.  Further¬ 
more,  as -cleaved  samples  were  initially  quite  brittle  and  exhibited 
sufficient  scatter  to  mask  an  additional  atmospheric  embrittlement 
effect.  (This  conceivably  could  have  led  some  investigators  to 
erroneous  conclusions . )  It  is  possible  that  some  ingredient  of  the 
atmosphere,  e.g.,  moisture,  could  react  preferentially  at  surface 
defects  to  cause 'embrittlement.  In  fact,  the  data  of  Table  11 -IV 
indicate  tl^t  air  aging  at  250*  C  may  impair  the  ductility  of  spec¬ 
imens  previously  sprinkledL  from  a  3-inch  height  with  250  mesh 
carborundum  powder  whereas  polished  and  as -cleaved  samples  did 
not  sho#  embrittlement.  It  is  possible  that  microcracks  were  intro¬ 
duced  in^  the  sprinkled  specimens  such  that  they  acted  as  nucleation 
sites  for  reactions  with  the  atmosphere. 

It- is  somewhat  surprising  that  the  polished  moisture  exposed 
specimens  did  not  show  embrittlement  in  view  of  the  extensive  sur¬ 
face  precifdtate  formed  and  the  known  effects  of  surface 

precipitates  on  NaCl.  In  fact,  an  embrittlement  was  found  on  steam 
exposed  specimens  when  tested  at  350”  C  (Fig.  11-6)  and  it  may 
well  be  that  the  structure  of  the  precipitate  was  altered  thereby. 
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Mg(0H)2  decomposes  at  this  temperature  and  it  is  possible  that  the 
decomposition  itself  could  play  a  role.  The  tension  side  etch  pit 
embrittlement  found  at  the  350*C  tost  temperature  is  an  entirely 
different  phenomenon  and  is  believed  to  be  related  to  notch  formation, 

Probably  the  only  embrittlement  of  real  practical  significance 
found  in  the  present  work  is  that  for  air  aging  at  600*Q.  The  stress- 
deflection  curves  and  the  surface  removal  tests  strongly  suggest 
that  gaseous  atoms  have  diffused  into  the  surface  layers  and  locked 
dislocation  sources.  This  effect  is  worthy  of  further  study. 

The  work  described  has  bean  largely  of  an  exploratory  nature 
and  little  effort  has  been  devoted  to  the  study  of  mechanisms  involved. 
The  more  experience  one  gains  with  MgO  crystals  the  more  apprecla- 
tTve^one  becomes  of  the  extreme  notch  sensitivity  of  this  material. 

With  the  possible  exception  of  the  600*C  air  embrittlement,  it  is  not 
unrealistic  to  consider  all  other  embrittlement  phenomena  found  to 
be  connected  with  the  presence  of  notches.  Thus,  surface  residues, 
compounds  etched  slip  bands,  cleavage  steps  and  microcracks 

could  all  act  as  notches  and  causs  premature  fkilure.  It  is  planned 
to  carefully  evaluate  this  possibility  in  future  studies  of  the  various 
mschanisms  of  interest. 
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APPENDIX  A  -  ANEUVSTIC  PHENOMENA 
!N  POLYCRYSTALLINE  OXIDE  CERAMICS 


ABSTRACT 


An  internal  friction  lp{>aratue  which  vibrates  a  polycryital- 
line  ceramic  rod  in  flexure  at  low  frequencies  waS  conStructedi  The 
apparatue  was  designed  to  permit  static  loading  of  the  specitnen  in 
tension  while  it  is  vibrated.  Using  this  equipment  the  variation  of 
internal  friction,  with  Ti  vibration  arnplitude,  static  load,  and 

time  in  a  Morganite  ALO^  rod  has  been  briefly  examined.  The 
temperature  variation  of'  of  this  oxide  is  unlike  that  of  Chang's 
pure  ALO,  by  not  having  a  sharp  grain  boundary  relaxation  peak*  and 
by  shounng  plastic  behavior  at  a  lower  temperature. 

The  dependence  of  Q‘‘Von  vibration  amplitude  (which  may  be 
transposed  into  a  strain  amplitude  and  a  corresponding  stress)  re¬ 
sembles  that  of  metals  and  single  crystals  in  that  the  rate  of  increase 
o|  Q“i  with  amplitude  rises  sharply  above  a  certain  critical  value. 
However*  the  activation  energy  of  the  anelastic  process  in  the  alumina 
cerirnic  suggests  a  diffusion  rather  than  a  dislocation  mechanism. 

In  some  cases*  this  diffusion  process  can  be  shown  to  be  the  same  as 
that  responsible  for  creep.  Whore  this  is  true*  measurements  of 
vs  amplitude  may  be  Used  to  establish*  for  any  desired  temperature, 
the  critical  stress  above  which  creep  rates  Will  increase  rapidly. 

Static  load  experiments  Were  rendered  somewhat  ambiguous 
by  concomitant  frequency  changes;  indirect  evidence  suggests  that 
the  increased  stress  does  enhance  a  broad  peak  which  probably  rispre- 
sents  a  spectrum  of  grain  boundary  relaxation  processes, 
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APPENDIX  A  -  ANELASTIC  PHENOMENA 

'  . . . . '■  I  I  — , 

IN  POLYCRYSTALLINE  OXIDE  CERAMICS 


1.  INTRODUCTION 

Meaiurementa  of  internal  friction,  in  single  crystals 

of  non-rnetals  (Al203»  MgO)  have  been  and  are  presently  being  car¬ 
ried  out  as  a  means  of  studying  dislocation  motion  and  its  interactions 
with  in.puritieB  and  defects.  Such  measurements  have  also  been  made 
on  polycrystalline  motals,  not  only  in  connection  with  dislocation 
studies  but  also  to  observe  such  phenomena  as  grain  boundary  slip 
and  the  precipitation  of  new  phases,  However,  it  has  only  been  re¬ 
cently  that  damping  has  been  measured  in  polycrystalline  refractory 
oxides.  Wachtman^'^  and  Chang^'^"^^  have  shown  that  if  Q~^  is 
plotted  as  a  function  of  specimen  temperature  for  pure  A1,0,  or  BeO, 
a  peak,  which  may  be  attributed  to  grain  boundary  slide,  appears  at 
some  temperature  above  800°C.  The  temperature  location  of  this 
maximum  point  was  found  to  be  sensitive  to  the  vibration  frequency  of 
the  specimen,  and  its  temperature  shift  with  changing  frequency  rtoay 
be  used  to  calculate  an  activation  energy  for  the  sliding  process,  Chang 
found  for  Al20  j  that  the  resulting  energy  was  about  2  x  10^  cal  per 
mple,  similar  to  the  value  he  obtained  from  creep  experiments  with 
the  same  AI2O2.  Unlike  the  common  situation  with  metals,  impurities 
introduced  into  the  pure  oxides  created  new  peaks  on  the  low  tempera¬ 
ture  side  of  the  original  maximum. 

In  the  case  of  oxides,  therefore,  impurities  tend  to  lower  grain 
boundary  viscosity,  a  phenomenon  which  is  the  reverse  of  their  ex¬ 
pected  influence  on  dislocation  motion.  In  the  light  of  this  result  and 
the  coincidence  between  the  activation  energies  of  self  diffusion  and 
grain  boundary  relaxation,  Chang  came  to  the  reasonable  conclusion 
that  the  slip  process  in  his  samples  was  more  closely  allied  to  diffu- 
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aion  than  to  the  movement  of  dislocations,  Another  result  of  Chang's 
work  was  the  observation  that  while  relaxation  peaks  induced  by  Cr 
and  La  had  much  lower  activation  energies  than  that  of  the  pure  Al20^i 
these  impurities  did  not  lower  the  activation  energy  of  steady  state 
creep.  Fronii  this  it  may  be  inferred  that  the  relaxation  processes  in¬ 
volving  these  two  cations  were  not  important  for  creep  of  the  ceramic 
as  a  whole . 

It  is  evident  from  this  abbreviated  account  of  Chang's  work  with 
polycrystalline  oxides  that  the  familiar  internal  friction  technique  may 
have  important  application  in  the  study  of  structural  ceramics.  These 
materials  are  generally  polycrystalline,  and  they  are  commonly  sub¬ 
jected  to  temperaturfs  at.which  ionic  diffusion  rx^ay  ,bfl  rapid.  It  is, 
therefore,  likely  that  the  same  processes  which  promote  damping  are 
in  part  responsible  for  fatigue  in  a  ceramic  exposed  to  stress  in  a 
high  temperature  environment.  Consequently,  measurements  of  the 
stress  or  time  variation  of  in  heated  ceramic  specimens  might 
provide  a  rapid  means  of  estimating  resistance  to  fatigue  at  various 
temperatures.  One  objective  of  this  program  was  to  build  an  appara¬ 
tus  suitable  for  this  purpose;  he. ,  one  which  could  determine  Q'^  in 
a  statically  loaded  ceramic  ipecimen.  Another  objective  was  to  mea¬ 
sure  the  temperature  variation  of  Q"^n  a  commercial  high  (99.  7%) 
Al2^3  ceramic. 


2.  APPARATUS 

Unlike  dislocation  mechanisms  in  single  crystals,  grain  boundary 
relaxation  processes  are  best  observed  at  low  frequencies.  This  el¬ 
iminates  the  necessity  for  heating  specimens  to  very  high  tempera¬ 
tures,  and  also  allows  relatively  simple  and  inexpensive  equipment  to 
bo  used,  Chang  and  Gensamer^'^"^^  have  described  an  apparatus  in 
which  a  specimen  bar  is  driven  into  free  flexural  vibration.  The  oscil- 
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latory  motion  is  detected  and  recorded  by  a  linear  variable  differ¬ 
ential  transformer  whose  core  is  fastened  to  th^  specimen.  This 
basic  design  was  used  in  the  apparatus  shown  in  Fig.  A-1,  the  major 
departure  from  the  Chang  and  Gensamer  equipment  being  the  position 
of  the  rigid  specimen  mounting.  In  Fig.  A-1,  the  rigid  mcuftt  is  at 
the  top  of  the  bar,  necessitating  a  heavy  framework  or  cage  to  support 
the  massive  block  to  which  the  specinien  is  clamped.  All  of  these 
subsidiary  supports  are  possible  sources  of  unwanted  damping  and 
could  have  been  eliminated  by  the  simple  expedient  of  clamping  the 
specimen  at  the  bottom  as  Chang  and  Gensamer  did,  Nevertheless, 
the.inverse  positioning  was  made  necessary  by  the  requirement  that 
the  specimen  be  loaded  in  tension  in  some  of  the  internal  friction 
experiments, 

Static  loading  was  accomplished  by  a  system  consisting  of  a 
long  threaded  pendulum  and  weights  which  were  attached  to  the  free 
lower  end  of  the  specimen  bar.  Theoretically,  the  loading  of  the  bar 
could  be  increased  without  changing  the  frequency  of  vibration  by 
moving  the  weights  a  sufficient  amount  to  compensate  for  displace¬ 
ment  of  the  center  of  oscillation.  A  clamping  device  at  the  bottom 
of  the  supporting  cage  permitted  the  specimen  to  be  immobilized  while 
weights  were  being  moved  or  changed. 

Specimens  were  in  the  form  of  6  x  1/4-in.  round  rods  of  Mor- 
ganite  99.  7%  Al^O^  tapered  at  the  middle  to  iorm  a  gage  section 
measuring  approximately  0.  080  x  0.  25  in.  at  the  thinnest  pbitit.  These 
bars  were  fastened  with  a  heat-curing  epoxy  cement  (Emerson  aiid 
Cuming  Eccobond  Paste  #88)  into  threaded  steel  bushings.  The  bush¬ 
ing  at  the  top  was  then  screwed  into  a  water-cooled  fitting  on  the  heavy 
steel  block,  and  the  lower  one  was  fitted  into  a  short  section  of  the 
pendulum.  The  purpose  of  the  threaded  bushings  was  to  facilitate  speci¬ 
men  removal  from  tjhe  apparatus;  if  the  Al20^  rods  had  been  cemented 
directly  mto  the'  steel  block,  lower  background  damping  levels  would 
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Fig.  A-1  SECTION  THROUGH  INTERNAL  FRICTION 

APPARATUS  (FURNACE  AND  DIFFERENTIAL 
TRANSFORMER  SUPPORTS  NOT  SHOWN) 
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undoubtedly  have  been  obtained.  Attempte  were  made  to  reduce  damp¬ 
ing  at  the  thread  contacta  by  coating  them  with  Zhicb  cement  and  by 
using  a  lock  nut  and  deformable  copper  washer,  Nevertheless,  despite 
these  precautions,  it  is  likely  that  most  of  the  instrument  damping 
had  its  source  in  the  supposedly  rigid  mounting  of  the  specimen  bar, 


The  sample  rod  was  driven  into  free  vibration  by  a  blow  from 
the  core  of  a  solenoid.  Heating  was  provided  by  a  platinum-wound 
furnace  having  two  snnall  hole  i  drilled  from  the  outside  into  the  com¬ 
bustion  tube.  One  hole  serve*,  as  a  pyrometer  sight  port  while  the 
other  contained  a  thermocouple  whose  junction  rested  about  a  milli¬ 
meter  from  the  gage  section  of  the  ^2.^^  entire  apparatus 

was  fitted  with  a  hood  to  permit  introduction  of  different  gaseous  at¬ 
mospheres, 

To  measure  damping,  the  oscillating  output  from  the  differen¬ 
tial  transformer  was  first  demodulated  and  then  recorded  by  an  oscil¬ 
loscope  whose  trace  was  photographed.  After  correction  for  the 
width  of  the  oscilloscope  beam  trace,  was  calculated  from  the 
amplitude  change  on  the  photographs  by  means  of; 


and 


log  dec  a  In  rf — 53L 

^m  +  n 

Q”^  ■  log  dec  /  Tt"  » 


(A-1) 

(A-2) 


where  A_  and  A  ,  are  the  amplitudes  of  the  mth  and  m  +  nth 
m  m  +  n 

oscillations,  n  is  the  number  of  cycles  between  A_  and  A  , 

m  m  T  n, 

The  logarithmic  decrement  and  internal  friction  are  not  entirely 
characteristic  of  damping  processes  that  occur  in  the  specimen.  Thus, 

Q“'  =  (A-3) 
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where  dE  is  the  energy  loss  per  cycle  and  E  is  the  total  energy  of 
the  moving  system.  Therefore,  if  the  total  energy  E  is  raised  by 
increasing  either  the  mass  of  the  pendulum  bar  or  its  amplitude,  the 
experiihental  value  of  Q’^  will  be  lowered  even  though  the  specimen 
does  not  change  its  damping  characteristics, 

For  a  given  distance,  L^,  of  the  center  of  oscillation  from  the 
gage  section  (pivot  point)  the  total  energy  E,  of  equation  A- 3  is  ap¬ 
proximately; 

a/ 

^1  ^  '21-1 (■^"^) 


where  is  the  amplitude  of  the  center  of  oscillation,  K  is  the  spring 
constant  of  the  Al20^  specimen  (the  force  required  to  produce  unit 
deflection  of  the  specimen  at  unit  length  from  the  gage  section)  and 
is  the  mass  of  the  pendulum  system.  Increasing  the  mass  to  m2  may 
Cause  and  A2  to  be  changed  to  L2  and  A2,  and  raises  E^  to  E2. 

To  determine  changes  in  specimen  damping  caused  by  increasing 

load,  the  total  energy  of  the  system  must  be  normalised  to  a  constant 

- 1 

value.  This  may  be  done  by  multiplying  experimental  values  of  Q 
obtained  for  each  load  increment  by  the  factor  If  the  system  is 

arranged  so  that  L  and  A  remain  constant  when  the  mass  is  increased 
(i.e.  ,  the  pendulum  weights  are  moved  to  retain  constant  frequency), 
E2/Ej^  simplifies  to; 


(A-5) 


3.  EXPERIMENTAL  RESULTS 

Internal  friction  experiments,  all  of  them  largely  exploratory, 
were  primarily  concerned  with  the  variation  of  in  Morganite  AI2OJ 
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rods  with  temperature,  vibration  amplitude,  load,  and  (under  con¬ 
stant  load)  time. 

A.  Temperature  Variation  of  Q~^ 

Figure  A-2  shows  three  curves  obtained  from  the  same  Mor- 
ganite  Al^O^  rod  by  varying  the  static  load  from  one  lb  (a)  to  four  lb 
(b)  to  19.4  lb  (c).  Aside  from  the  resulting  rise  of  tensile  stress  on 
the  specimeh’,'  this  variation  also  caused  the  frequency  to  change 
from  30  to  5  to  2.  6  cps.  The  geometry  of  the  penduluim  was  such  that 
at  constant  angular  amplitude,  the  increase  of  weight  also  entailed 
an  increafe  in  the  energy  of  the  system  (E)  in  the  ratio  1:3.  2:4,  7. 

To  permit  direct  comparison  of  the  internal  friction  values  corres¬ 
ponding  to  these  three  load  conditions,  experimental  results  were 
multiplied  by  the  appropriate  energy  ratios  before  boing  plotted  in 
Fig.  A-2. 

Deferring  discussion  of  the  obvious  load  or  frequency  effects 
to  a  later  section,  it  is  apparent  from  Fig.  A-2  that  curves  A,  B,  and 
'  C  for  Morganite  Al^O^  bear  little  resemblance  in  shape  to  curve  D 
represented  by  Chang  for  pure  A1203*  most  important  point  of 

departure  is  the  large  relaxation  peak  which  culminates  at  about 
llOO^C  for  Chang's  Al2()3  *nd  which  is  quite  absent  from  the  less 
pure  Morganite  specimen.  In  contrast,  the  latter  shows  a  rapid  and 
continued  temperature  increase  of  above  850°  to  1050°C  depend¬ 
ing  on  the  Specimen  load.  On  the  assumption  that  this  rise  reflects 
an  exponential  increase  in  rate  of  some  anelastic  process,  plots  of 
log  Q  vs  10  /T  were  prepared  for  the  segments  of  curves  A,  B,  and 
C  above  1000°,  900°,  and  1075°C.  The  resulting  curves  A  and  B  of 
Fig.  A-3  show  a  gradual  change  of  slope  from  almost  zero  at  the  low¬ 
est  temperatures  to  a  fairly  linear  segment  which  corresponds  to  an 
activation  energy  (U)  of  about  70  kcal  per  mole.  This  behavior  suggests 
a  transition  from  essentially  elastic  behavior  to  an  anelastic  mechan¬ 
ism  having  tr  equal  to  70  kcal  per  mole. 
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B.  Var  iation  of  Q~^  with  Vibration  Amplitude 

Both  rnetali  and  ionic  aingl*  cryatala  characteriatically  show 
a  auddan  riae  of  aa  the  vibration  amplitude  exceeda  a  critical 
value.  The  cauae  of  thia  effect  ia  well  known,  and  conaiats  of  a  re- 
leaae  of  dialocationa  from  pinning  aitea  (impuritiea,  lattice  defecta) 
and  the  conaequent  increaae  in  the  lengtha  and  vibration  amplitudea 
of  the  vinpinned  aectiona.  The  precedent  of  theae  obaervationa  aug- 
geata  the  poaaibility  of  aimilar  behavior  in  ceramica;  therefore 
meaaurementa  of  were  made  with  varying  vibration  amplitude 
at  a  aeriea  of  four  temperaturea.  Since  the  amplitude  of  the  vibrat¬ 
ing  bar  dependa  on  the  diatance  from  the  pivot  point,  it  would  be  pre¬ 
ferable  to  replace  it  with  a  term  of  more  general  intereat;  ,  the 
maximum  tenaile  atrain  at  the  gage  aection,  or  with  the  aid  of  the 
elafttic  modulua,  the  atreaa  producing  thia  atrain.  Thia  calculation 
ia  rendered  aomewhat  difficult  by  the  varying  thickneaa  of  the  gage 
aection  of  the  apecimena  uaed  in  thia  program.  However,  photo- 
elaatic  analyaia  of  a  plaatic  model  quickly  revealed  the  atrain  pattern 
and  greatly  aimplified  the  problem.  By  thia  meana  it  waa  eatimatcd 
that  a  deflection  of  0.001  inch  at  the  differential  tranaformer  core 
cauaed  a  maximum  tenaile  atrain  of  about  8  x  10*^  in.  /in. 

Reaulta  of  va  deflection  meaaurementa  at  the  four  temper- 
aturee  are  ahown  in  Fig.  A-4.  Both  the  1150°  and  t2lO°C  curvea 
ahow  the  diacontinuoua  increase  of  Q  ^  previously  described  as  a 
sign  of  dislocation  unpinning.  These  discontinuities  occur  at  maxi¬ 
mum  tensile  strains  of  approximately  28  x  10"^  and  17  x  10'^  in.  /in. , 
and  if  the  elastic  moduli  of  A1,0^  at  1150°  and  1210°C  are  taken  aa 
40  x  10^  and  38  x  10^  p8i,^'^"^the  tenaile  atreaaea  causing  these 
attains  are  1100  pal  and  650  pal.  The  fact  that  the  critical  stresses 
are  different  at  the  two  temperatures  demonstrates  that  the  anelaatic 
process  in  question  has  an  activation  energy.  1^  *1  *nd  are  the 
magnitudes  of  the  stresses  at  temperaturea  Tj^  and  T2: 
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1.72  X  10"*  In  »./•, 

U  (electron  volt*)  *  —[JT — ^ — Ut- - 

1  2 

s  3.  2  electron  volte  or  about  74  kcal  per  nnole. 

Coneidering  the  scatter  of  experimental  point*  in  Fig.  A-4,  thi*  value 
for  the  activation  energy  i*  in  surprisingly  good  agreement  with  that 
obtained  from  Fig.  A*3. 

C.  Variation  of  Q  ^  with  Load 

When  weights  are  suspended  from  the  free  end  of  the  specimen 
two  major  effects  are  produced:  the  rod  is  subjected  to  an  addition- 
al  tensile  stress,  and  the  vib'^ration  frequency  is  reduced.  Speci¬ 
fically,  the  three  curve*  of  Fig.  A-2  were  determined  under  loads  of 
1,  4,  and  19.4  lb,  which  corresponds  to  tensile  stresses  on  the  gage 
section  of  50,  200;,  and  1000  psi,  and  frequencies  of  30,  5,  and  2.  6  cps. 
Figure  A-2  shows  that  the  main  effect  of  increasing  the  load  is  to  lowet* 
the  temperature  at  which  plastic  behavior  initiates.  Another  effect 
is  to  create  a  low  broad  peak  culminating  at  about  650°C  which  pro¬ 
bably  represents  the  operation  of  one  or  more  relaxation  processes. 

The  temperature  displacement  noted  above  may  be  used  to  cal¬ 
culate  a  third  value  for  the  activation  energy  of  the  predominant  mech¬ 
anism  of  plasticity.  In  this  case,  s^  and  of  equation  A-6  may  be 
replaced  either  by  the  frequencies  (or  the  stresses)  corresponding  to 
curves  A  and  B  of  Fig.  A-2,  and  and  T|  (870^  and  lOSO^C)  are  the 
temperatures  at  which  Q'^  first  rise*  rapidly.  'When  the  frequencies 
(30  and  5  cps)  are  introduced  into  equation  A-6,  .U  is  about  60  kcal  per 
mole;  whereas,  if  the  stresses  are  used  instead,  U  is  appreciably 
lower.  The  fairly  close  agreement  between  60  kcal  per  mole  and  the 
previously  calculated  values  of  70  and  74  kcal  per  mole,  establishes 
that  the  temperature  displacement  for  the  onset  of  plastic  behavior  is 
caused  by  the* .frequency  ratherthan  the  stress  change.  Thi*  result 
is  confirmed  by  the  relative  invariance  of  Q'^  with  load  in  experiments 
conducted  at  1200°C  at  constant  frequency. 
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No  diract  •xperlmAntal  data  ara  avallabla  at  pratant  for 
datermlning  whethar  tha  ralaxation  peak  of  curva  B  (Fig.  A-2) 
orlginataa  from  the  Incraaaad  atreia  or  from  the  lowered  fra- 
quoncy.  Howaveri  indirect  evidence  based  on  tha  elastic  modulus 
will  ba  presented  in  a  later  section  ^in  support  of  stress  as  the 
causative  agent. 

D.  Variation  of  Q"  ^  with  Tina  at  Constant  Load 

Under  the  action  of  corrosion  processes,  failure  of  Al,0, 
can  take.place  at  lower  than  normal  stresses'  These  pro¬ 

cesses  are  accelerated  by  water  vapor  which  is  preaent  while  the 
stress  is  being  applied.  The  region  of  extrei^ly  high  strain  at 
the  tips  of  minor  flaws  greatly  increases  the  Ideal  chemical  reac¬ 
tivity,  thereby  accelerating  tha  processes  whic^  lead  to  growth  of 

''  - 1 

tha  flaw,  These  changes  might  be  reflected  in  a  rise  of  Q  for  a 
specimen  subjected  to  a  constant  load  in  a  moist  atmosphere.  Be¬ 
cause  of  lack  of  time,  only  a  few  probing  experiments  could  be 
carried  out  at  ISO^,  980°,  and  1300°C  in  a  luperheated  steam  at¬ 
mosphere,  under  stresses  of  1000,  1000,  and  400  psi  respectively. 
None  of  these  trials  revealed  any  significant  change  of  over 
time  intervals  ranging  from  20  to  98  minutes.  Since  the  specimen 
did  not  fail  during  any  of  these  exposures,  it  is  not  known  at  pre¬ 
sent  whether  corrosion  damage  was  actually  appreciable  but  was 
not  detected  by  the  internal  friction  apparatus,  or  whether  the 
strass-temperature-time  intervals  studied  formed  a  region  in 
which  only  very  little  fatigue  occurred. 


4,  DISCUSSION 

.  By  comparing  the  vs  T  curves  of  single  crystal  and  poly- 
crystalline  AI2O2,  Chang  was  able  to  demonstrate  convincingly  that 
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hif  relaxation  peak  at  lldO^C  ia  due  to  a  grain  boundary  slip  prpceae. 

1£,  moreover,  Chang's  measured  activation  energy  of  200  kcal  per 
mole  is  compared  with  values  of  140  and  230  kcal  per,  mole  assigned 
by  Kucsynski,  Abernathy,  and  Allen  to  the  self  diffusion  of 

A1  and  O  ions,  the  slip  appears  to  be  caused  by  a  diffusion -like  mechan¬ 
ism. 

These  relationships  are  not  so  clear  for  the  Morganlte  AI2OJ 
used  in  the  preseni  program.  Only  a  broad  low  relaxation  peak 
occurs  in  curve  B  and  there  is  no  sign  of  Chang's  maximum  at  llOO^C. 
The  sharp  rise  of  above  1000°C  is  not  reversed  at  higher  tem¬ 
peratures,  and  therefore  represents  only  a  progressive  rise  of  plas¬ 
ticity  which  would  also  occur  in  a  single  crystal,  probably  at  a  higher 
temperature,  Another  point  of  difference  between  pure  and  Morgan- 
ite  Al^O^  is  the  lower  activation  ehergy  (60-74  kcal  per  mole)  calcu¬ 
lated  for  plastic  procesaes  in  the  iktter  than  for  the  relaxation 
mechanism  of  the  former.  This  depression  of  U  is  undoubtedly  caused 
by  the  0.  3%  of  siliceous  and  alkaline  earth  impurities  in  the  Morganite 

which  not  only  lower  the  energy  required  to  create  and  move  oxide 

2+  ’ 

ion  vadanoies,  but  in  some  cases  »  Mg  )  are  themselves  very 
mobile.  One  concomitant  of  the  reduced  activation  energy  is  the  ini¬ 
tiation  of  plastic  behavior  in  Morganite  at  an  appreciably  lower  tem¬ 
perature  than  in  Chang's  pure  Al20^j  note  that  above  llOO^C,  curve  D 
of  Fig.  A-2  returns  to  values  of  Q*^  near  those  of  much  lower  temper¬ 
atures.  This  does  not  occur  for  the  less  pure  AI2O3  of  curve  A.  The 
same  result  is  produced  by  doping  pure  AI2OJ  with  La  or  Cr  ions. 
Moreover,  these  ions,  like  the  impurities  in  Morganite,  act  to  lower 
the  high  relaxation  peak  at  llOO^C.  In  pure  AI2OJ,  this  peak  is  pro¬ 
bably  caused  by  a  single  relaxtition  process,  possibly  the  oscillation 
2- 

of  O  ion  vacancies  near  the  grain  contacts  where  both  the  stresses 
and  stress  gradients  are  at  a  maximum.  The  presence  at  the  contacts 
of  a  glassy  phase  or  of  high  concentrations  of  impurities  tends  to  divide 
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the  single  diffusion  procees  into  a  ipectrum  of  mechanisme  of  lower 
activation  energy  whose  relaxation  times  form  a  broad  band  of  values. 
The  consequence  of  this  degeneration  of  one  into  many  processor  is  to 
flatten  out  a  high  narrow  relaJc:^iion  peak  into  a  low  broad  one  such 
an  occurs  in  curve  B  of  Fig.  A-2. 

The  sensitivity  of  to  the  stresses  arising  from  flexural 
vibration  has  its  origin  in  the  strain  energy  which  these  stresses 
develop  in  the  specimen.  Strain  energy  like  its  thermal  counterpart, 
can  contribute  to  the  reservoir  needed  to  activate  an  anelastic  pro¬ 
cess,  The  lower  the  temperature,  the  more  the  deficit  of  thei^mal 
energy  must  be  mede  up  from  the  strain  source;  consequently,  as 
shown  in  Fig.  A-3,  there  is  an  inverse  relationship  between  the 
temperature  and  the  minimum  strain  required  to  Initiate  the  rapid 
rise  of  Q"^ 

Nevertheless,  the  effects  produced  by  both  energy  sources 
are  not  entirely  alike:  whereas  rises  exponentially  with  in¬ 
creasing  temperature  (Fig.  A-2),  it  tends  to  level  off  with  increas¬ 
ing  strain.  These  results  imply  that  strain  energy  is  only  effective 
in  activating  a  limited  number  of  ions  which  have  already  obtained 
a  certain  fraction  of  their  total  required  activation  energy  from 
the  thermal  reservoir. 

If  it  can  be  demonstrated  that  the  damping  process  which  is 
being  activated  by  strain  is  also  active  in  fatigue,  the  measurement 
of  vs  strain  amplitude  (or  of  the  corresponding  flexural  stress) 
might  have  an  intereating  engineering  application.  In  this  case,  dis¬ 
continuities  such  as  occur  in  curves  A  and  B  of  Fig.  A-3  signify 
that  a  certain  critical  x'esS  Is  required  to  initiate  the  fatigue  pro¬ 
cess,  Moreover,  this  stress  decreases  with  rising  temperature 
(and  with  falling  frequency).  Internal  friction  measurements  of  the 
type  outlined  in  this  report,  can  therefore  provide  a  very  rapid  method 
of  estimating  this  critical  stress  and  its  variation  with  temperature 


and  frequency  -  ueing  a  single  epecimen  for  the  entire  set  of  me  a- 
■urements. 

Ae  previously  noted,  the  applicability  of  this  procedure  dependi.. 
on  the  coincidence  of  the  friction  and  fatigue  process,  In  this  regard, 
Chang  found  that  for  pure  activation  energies  of  the  llOO^C 

relaxation  peak  and  of  steady  state  creep  were  about  the  same.  Tnis 
was  not  true  for  the  new  peaks' introduced  by  the  presence  of  La  and 
Cr  ionsi  apparently  the  motion  of  these  impurities  contributed  to 
but  they  did  not  influence  the  creep  process.  Therefore,  before  Q  * 
vs  amplitude  curves  can  be  used  to  predict  critical  creep  stresses,  it 
will  be  necessary  to  compare  the  activation  energy  of  the  dominant 
friction  mechanism  witn  that  obtained  from  a  creep  experiment. 

Stress  effects  produced  by  a  constant  load  on  the  specimen 
should  for  the  most  part  be  similar  to  those  resulting  from  the  oscil¬ 
lating  stresses  generated  by  vibration.  Unfortunately,  most  of  these 
effects  were  masked  by  frequency  changes  and  unequivocal  results 
were  only  obtained  at  IZOO^C  for  stresses  ranging  from  430  to  850  psi. 
In  this  region  was  found  to  be  essentially  invariant.  Which  is  in 
accord  with  the  tendency  of  Q~^  in  curves  A  and  C  of  Fig.  A-3  to 
level  off  at  higher  stresses. 

Another  possible  stress  effect  is  the  development  of  the  broad 
maximum  at  650°C  in  curve  B  of  Fig.  A-2,  According  to  Zener^^'^^ 
at  the  peak  of  a  relaxation  process  (neglecting  background  effects) 
is  given  by; 

1 

7  * 

where  and  are  respectively  the  dynamic  and  static  elastic  , 
moduli  of  the  specimen.  Consequently,  any  change  of  the  elastic  mo¬ 
duli  caused  by  a  variation  of  temperature  or  stress  can  produce  a 
corresponding  change  in  the  height  of  a  relaxation  peak.  In  the  present 


Mu 


M, 


(A-7) 
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case,  the  heavier  load  of  curve  B  (ae  compitred  to  A)  not  only  in- 
creaeee  the  streie,  but  by  lowering  the  frequency,  alfso  dieplacee 
the  relaxation  peak  to  a  lower  temperature.  Incomplete  data  ih 
Reference  A-4  ehow  that  the  rates  of  temperature  change  of 
and  are  very  similar  below  900*^0,  indeed,  if  any  change  of 
-  Mp  occurs,  it  appears  to  be  in  the  direction  of  ah  increase 
with  rising  temperature.  This  would  lead  to  an  intensification  of 
the  relaxation  peak  at  higher  frequencies,  which  is  just  the  reversii; 
of  the  observed  results,  On  the  basis  of  this  very  indirect  and  Very 
slim  body  of  evidence,  therefore,  the  enhancement  of  the  650°C 
relaxation  peak  of  curve  B  (Fig.  A-2)  appears  to  arise  from  the 
effects  of  stress. 


5.  CONTRIBUTING  PIIRSONNEL 

Laboratory  work  on  the  construction  of  the  internal  friction 
apparatus  and  its  application  to  the  study  of  M^rgenite  AI2O ^  speci¬ 
mens  was  carried  out  by  John  W.  Stuart  and  Leon  M.  Atlas,  with 
valuable  suggestions  from  P.  Southgate.  The  photoelastic  analy¬ 
sis  of  stresses  in  plastic  models  and  the  application  of  these  resulte 
to  the  Al^Oj  ipecimens  was  performed  under  the  direction  of 
S.  A.  Sorts. 
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